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Nanocatalysts have received numerous research interests recently, owing to 
advancement in material chemistry and nanotechnology. With well-defined size, 
shape, composition and structure, nanocatalysts have huge potential to be used as 
active and selective catalysts for a wide range of catalytic reactions. In addition, 
encapsulation of nanocatalysts within mesoporous supports has benefits of easy 
separation of used catalysts and enhancement of catalyst stability.        
Goal of this project is to develop active, selective and stable nanocatalysts for green 
chemistry applications. In this thesis, molybdenum oxide and ruthenium nanoparticles 
were selected as model metal oxide and metal compounds to be encapsulated within 
mesoporous carbon and silica supports. The resulted nanocatalysts have been tested 
for Friedel-Crafts alkylation, oxidative desulfurization, and carbon dioxide 
hydrogenation reactions.  
Mo@C catalysts were firstly synthesized by hydrothermal method. Under 
hydrothermal condition, glucose molecules polymerized to form carbonaceous 
spheres via intramolecular dehydration reaction. Simultaneously, ammonium 
heptamolybdate was reduced by glucose to generate molybdenum dioxide 
nanoparticles, which was encapsulated by in-situ formed carbonaceous spheres. The 
resulted Mo@C materials were further thermally treated to generate meso- and micro-
porosity. It was observed that oxidized MoO3@C was an effective solid acid catalyst 
for Friedel-Crafts alkylation reaction.   
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Other than carbon, mesoporous silica was also used as catalyst support for 
molybdenum oxide nanoparticles. The pre-synthesized MoO2 nanoparticles were 
encapsulated by mesoporous silica shell to generate core-shell structure. After thermal 
treatment, the encapsulated MoO2 nanoparticles was oxidized to Mo
6+
 and infused 
into silica shell. The resulted Mo
VI
@mSiO2 was hydrated to generate strong solid acid 
(e.g., H4SiMo12O40) within porous silica shell. The fabricated H4SiMo12O40@mSiO2 
hollow spheres exhibited excellent activity for benzylation of toluene. In addition, the 
H4SiMo12O40@mSiO2 was very robust and could be reused after regeneration.  
Integration of nanostructured mesoporous silica and related functional materials into 
larger assemblages will benefit their applications as heterogeneous catalyst, due to 
easy separation from reaction mixture. Toward this direction, mesoporous silica 
nanowires were synthesized via an emulsion templated method. Through thermal 
treatment, the silica nanowires aggregated together to form a network structure having 
hierarchical mesopores. The networked silica nanowires have been used to support 
molybdenum oxide, and the resulted network catalyst was an effective catalyst-
adsorbent for removing sulfur from model diesel via oxidative desulfurization route.   
Confinement of nanoparticles within porous structure has been established as an 
effective strategy to prepare stable nanocatalysts for catalytic reactions. Herein, we 
demonstrated that selective nanocatalysts for hydrogenation of carbon dioxide to 
carbon monoxide can be developed by encapsulation of ruthenium nanoparticles 
within mesoporous silica network structure. As a comparison, larger ruthenium 
nanoparticles outside mesopores were responsible for hydrogenation of carbon 
dioxide to methane.   
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Chapter 1  
Introduction 
1.1 Overview 
Catalysis plays key role in modern chemistry, as 90% of industry processes use 
catalysts for accelerating reaction rates or enhancing desired products.
1
 Catalysis in 
the last century mainly focused on improving the activity of catalysts for producing 
more products per amount of catalyst per time.
2
 Because of the growing awareness of 
developing sustainable human society, green chemistry defined as “the design of 
chemical products and processes that reduce or eliminate the use or generation of 
hazardous substances” has received numerous research interests over the last two 
decades.
3
 Toward this goal, it is desired to develop the new generation of 
heterogeneous catalysts with both high activity and approaching 100% selectivity.
4
  
Advancement in nanoscience and nanotechnology has provided versatile tools for 
synthesis of nanoparticles with precisely controlled size, morphology, structure and 
compositions.
5
 Although the sizes of active components of heterogeneous catalysts 
are actually within nanometer range, it is generally difficult to achieve narrow size 
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distribution, controlled morphology, and desired structure (i.e., core-shell structure) 
with traditional catalyst synthesis methods such as impregnation and sol-gel synthesis 
followed by thermal treatment. Nanocatalysts based on novel synthesis of 
nanoparticles with well-defined size, shape, structure and morphology has the 




There are several key discoveries leading to the development of nanocatalysts as the 
new generation of efficient heterogeneous catalysts. Haruta et al. observed that gold 
nanoparticles with size of 3-5 nm supported on iron oxide are very active for CO 
oxidation, which is contrary to the well-known inertness of bulk gold.
7
 This 
breakthrough discovery leads to the understanding of the importance of the size effect 
on catalytic performance of nanocatalysts. Structure sensitive reactions are known to 
catalysis community and usually studied with single crystal model catalysts. Recently, 
platinum nanocatalysts with cubic and cuboctahedral shapes prepared via wet 
chemical synthesis have been investigated for selectively hydrogenation of benzene to 
cyclohexane and cyclohexane/cyclohexene mixture, respectively.
8
 Furthermore, the 
importance of surface composition and structure for catalytic reactions has been 
realized by designing bimetallic alloy and core-shell nanocatalysts.
9,10
 Immobilization 
of nanoparticles within mesoporous supports is essential for easy separation and 
catalyst stability. Song et al. has developed an efficient method for preparation of 
supported nanocatalysts via growth of mesoporous silica in the presence of Pt 
nanoparticles.
11
 This method is an important complementary to traditional catalyst 
preparation protocols such as impregnation, ion-exchange and precipitation.  
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1.2 Objectives and Scope 
Nanocatalysts have the potential to be used as efficient and selective catalysts for 
green chemistry applications. Synthesis of metal and metal oxide nanoparticles with 
designed size, shape, composition and structure has received many successes through 
development of nanoscience and nanotechnology. However, assembly of the prepared 
nanoparticles onto various porous catalyst supports remains a challenge for 
nanocatalyst research. After immobilization, removal of surfactant capped on 
nanoparticles and porogen template without changing the size and shape of 
nanoparticles remains a difficult task. In addition, long term stability and regeneration 
of nanocatalysts need to be investigated for practical applications. In this work, the 
main objective is developing strategies to assembly nanoparticles within mesoporous 
supports for green chemistry applications.  
In this work, molybdenum oxide and ruthenium nanoparticles are selected for 
assembly within mesoporous carbon and silica supports. Three synthetic strategies 
(e.g., co-assembly, in-situ encapsulation, and post-modification) have been 
demonstrated to prepare Mo@C, H4MoSi12O40@SiO2, Mo@SiO2 and Ru@SiO2 
nanocatalysts. The synthesized nanocatalysts have been investigated as solid acid, 
oxidation and metal catalysts for Friedel-Crafts alkylation, oxidative desulfurization 
and hydrogenation of carbon dioxide reactions, respectively. The stability and 
regeneration of nanocatalysts have been studied in each reaction.  
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1.3 Organization of the Thesis 
This dissertation is separated into eight chapters, which are briefly summarized as 
following: 
Chapter 1 presents the background knowledge of nanocatalysts and recent 
breakthrough discoveries. The importance of nanocatalysts for green chemistry 
applications has been highlighted, and the challenges for their practical usage have 
been summarized. From the obstacles faced, the objectives and scope of current work 
have been formulated.  
Chapter 2 summarizes recent research work on synthesis, assembly and catalytic 
reactions of nanocatalysts. For the active components (e.g., molybdenum oxide, 
heteropoly acid and ruthenium) used in this work, a selected number of literature 
results on their synthesis and applications have been descripted. Furthermore, the 
background, current status and reaction mechanisms of the three catalytic reactions 
(e.g., Friedel-Crafts alkylation, oxidative desulfurization and carbon dioxide 
hydrogenation) investigated in this work have been reviewed. 
Chapter 3 gives a short description of the main characterization techniques used in 
this thesis such as XRD, HR/TEM, FESEM/EDX, and XPS etc.  
Chapter 4 describes the synthesis of molybdenum embedded mesoporous carbon 
materials prepared via hydrothermal synthesis. The porosity was generated by 
carbonization of as-synthesized Mo@C spheres under nitrogen atmosphere. The 
oxidation state was further tuned by oxidation of embedded molybdenum at an 
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appropriate temperature without burning off the carbon matrix. The resulted Mo@C 
nanocatalysts have been investigated as solid acids for benzylation of toluene.  
Chapter 5 reports the preparation of mesoporous silica based strong solid acid 
catalysts via an inside-out preinstallation-infusion-hydration method. The resulted 
mesoporous silica supported silicomolybdic acid has been demonstrated to be very 
active for benzylation of toluene, with its activity 2.6 times as high as that of 
commercial Amberlyst-15 catalyst. Importantly, the prepared catalysts can be reused 
after regeneration via calcination-hydration steps.  
Chapter 6 discusses the synthesis and formation mechanism of mesoporous silica 
nanowires prepared via an emulsion templated method. Assembly of as-prepared 
silica nanowires into hierarchical porous structure was achieved by thermal treatment 
in air. The resulted hierarchical mesoporous silica was used as catalyst support to 
prepared molybdenum oxide nanocatalysts. The assembled Mo@mSiO2 network 
catalysts have been used for oxidative desulfurization reaction. In addition, the silica 
supported molybdenum catalyst can serve as an effective adsorbent for removal of 
oxidized sulfone product. Thus the sulfur in the model diesel has been successfully 
removed via one stop process including integrated oxidation and adsorption steps. The 
used catalyst-adsorbent can be regenerated by calcination or washing with toluene.  
Chapter 7 describes the assembly of ruthenium nanoparticles within mesoporous silica 
nanowires via in-situ encapsulation method. The as-synthesized mesoporous silica 
encapsulated ruthenium materials were thermally treated in nitrogen or air atmosphere 
to generate nanocatalysts with different size of encapsulated ruthenium nanoparticles. 
When used for hydrogenation of carbon dioxide, the particle size of ruthenim 
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nanoparticles has significant effect on the selectivity of hydrogenation products (e.g., 
carbon monoxide and methane). Small ruthenium nanoparticles obtained through 
calcination in nitrogen favors production of carbon monoxide. This size selectivity is 
likely due to presence of many unsaturated surface ruthenium sites on small 
ruthenium nanoparticles, which bind the surface carbonyl groups strongly. Thus the 
activation energy for methanation reaction is higher with small ruthenium 
nanoparticls. Instead of further hydrogenation to methane, the surface carbonyl groups 
desorb to yield carbon monoxide molecules. The excellent stability of Ru@mSiO2 
nanocatalyst has been demonstrated by carrying out the reaction for 50 h without 
losing activity and selectivity.  
Chapter 8 consists of key conclusions from this thesis and suggestions for future work 
are recommended.  
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2.1 Overview of Nanocatalysts 
Nanocatalysts are defined as nanoparticles that can function as catalysts for chemical 
reactions.
1
 Although the active sites of traditional supported heterogeneous catalysts 
are mostly within nanometer range, nanocatalysts as a term has only been used 
recently in materials and catalysis research.
2
 Conventional heterogeneous catalysts are 
generally prepared by impregnation, ion-exchange, co-precipitation, precipitation-
deposition, and sol-gel synthesis. Resulted catalyst precursors further go through 
calcination, reduction, sulfidation etc. in order to attain the active forms for catalytic 
reactions. Because of various complicated liquid-solid, solid-solid, and gas-solid 
reactions involved in the catalyst preparation steps, it is difficult to control the whole 
process.
3
 Catalysts obtained by the above mentioned methods mostly compose of 
nanoparticles with non-uniform size, irregular shapes, and non-homogeneous 
compositions deposited on catalyst supports. In addition, such a complex 
heterogeneous catalyst systems pose numerous challenges for materials 
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characterization, correlation between structure and performance (i.e., activity and 
selectivity), and understanding reaction mechanisms. Therefore from this point of 
view, these catalyst preparation technologies remain an art rather than science, and 
rational design of catalysts still remains a challenge to catalysis society.
4
 
Commercial heterogeneous catalysts are generally complex systems with various 
functional components such as support, active materials, and promoters. For 
fundamental studies, simplified model catalysts such as single crystals have been used 
in surface science to investigate the interaction between reactant molecules and 
metal/metal oxide surface and elucidate reaction mechanisms.
5
 Coupled with surface 
probe techniques such as low energy electron diffraction (LEED) and scanning 
tunneling microscopy (STM) under ultrahigh vacuum, the interaction between 
reactant molecules and model catalyst surface have been examined to reveal the 
activities of surface defects, steps and kinks. Nevertheless, there is still a material gap 
between model single crystals and actual nanoparticle-based heterogeneous catalysts 
supported on oxide surfaces. Recently, nanoparticles prepared as 2D film or 
encapsulated within 3D porous structures have been utilized as model catalysts to 
study particle size/structure effect and metal-oxide interaction in surface chemistry 
(Figure 2.1).
6
 Owing to development in ambient/high pressure in situ techniques such 
as high pressure scanning tunneling microscopy (HP-STM) and ambient pressure X-
ray photoelectron spectroscopy (AP-XPS), model single crystals can be examined 
under environments close to actual reaction conditions.
6
 It was recently reported that 
Pt oxide nanoparticles were formed on Pt(557) single crystal surface under 1 torr of 





 This implies the potential importance of using nanoparticles as 









Figure 2.1 The three types of model catalysts: (a) single crystal, (b) nanoparticles encapsulated 






Figure 2.2 Nanometer sized Pt oxide on a stepped Pt(557) single crystal surface after exposing to 
1 torr of O2 at room temperature.
7
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Advancement in nanomaterial research provides versatile tools for controlled 
synthesis of nanocatalysts with designed size, shape/facet, composition and structure, 
which are known to affect the performance of catalyst significantly.
8
 For example, 
bulk gold was previously viewed as inert for catalytic reactions. However, supported 
gold nanoparticles has been found later to be very active for CO oxidation even at low 
temperature.
9
 Gold nanoparticles with size of 3.5 nm are the most active catalyst 
(Figure 2.3),
10
 which was attributed to steps/perimeter sites between gold and TiO2 
support.
11-13 
Generally, smaller nanoparticles result in higher activity due to more 
exposed surface sites for catalytic reactions. On the other hand, the coordinatively 
unsaturated sites may chemisorb reactant molecules more strongly, leading to a 
slower reaction rate.
14
 It was reported that the Fischer-Tropscch activity of cobalt 
catalysts decreased when the size of cobalt was less than 6 nm (Figure 2.4). This 
could be attributed to irreversible adsorption CO on low coordinated cobalt atoms.
15
 
Particle size not only affects activity but also selectivity of nanocatalysts. It was 
reported that the product distribution of pyrrole hydrogenation varied significantly by 
changing the size of Pt nanocatalysts.
16
  
Particle shape is another factor affecting the activity and selectivity of nanocatalysts, 
due to particular exposed crystal facets.
17-19
 For instance, cuboctahedral Pt 
nanoparticles are more active than cubic Pt nanoparticles for benzene hydrogenation 
(Figure 2.5).
19
 In addition, both cyclohexane and cyclohexene were formed on 
cuboctahedral Pt nanoparticles, while only cyclohexane was produced on cubic Pt 
nanoparticles. The shape effect could be attributed to different crystal facet exposed 
on nanoparticles with different morphologies. In this case, Pt(111) surface of  



















Figure 2.4 The influence of cobalt particle size on Fischer-Tropsch activity.
15
 




Figure 2.5 Turnover rates and Arrhenius plots of cyclohexane and cyclohexene formation on 
cubic and cuboctahedral Pt nanoparticles.
19
 
cuboctahedral nanoparticles is more selective for cyclohexene formation than on 
Pt(100) surface of cubic Pt nanoparticles, which is consistent with results obtained 
with Pt(100) and Pt(111) single crystals.   
The activity and selectivity of catalysts depend largely on the actual composition of 
catalysts, and this is usually evidenced by very complex formulations (i.e., active 
components, and promoters etc.) of industrial catalysts. With the methodology 
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developed in materials chemistry, composition and structure of nanocatalysts can be 
designed in a controllable manner. For example, bimetallic AuAg nanocrystals with 
uniform size have been prepared by reduction of Au(I)-dodecanethiolate and/or Ag(I)-
dodecanethiolate in oleylamine (Figure 2.6).
20
 The Au/Ag ratio was controlled by 
varying the amount of Au and Ag precursors added. The resulted bimetallic AuAg 
nanoparticles exhibited red shift of absorbance band with increasing gold content, 
which has potential applications for controlling the activity and/or selectivity of 
catalytic reactions such as CO oxidation.
21
 
Core-shell nanoparticles with various core and shell components, as a special case of 
alloy nanoparticles, have been studied for catalytic reactions.
22,23
 Group of noble 
metal core-shell nanocatalysts have been investigated for hydrogen production via 
formic acid decomposition at room temperature (Figure 2.7).
22
 Among various noble 
metals, Pd is the most active for formic acid decomposition. In order to further 
improve the activity, a number of Pd based core-shell nanocatalysts have been 
prepared by polyol reduction method using PVP as capping agent. The activity of 
resulted metal@Pd core-shell nanocatalysts increases as the work function of 
encapsulated metal cores decreases. 
Organic molecules/polymers may also act as promoters to alter the activity and 
selectivity of nanocatalysts. It was observed that polyallylamine capped Pd 
nanoparticles are more active for hydrogen production from formic acid, due to 








Figure 2.6 TEM images of the as-prepared Ag and AuAg alloy nanoparticles.
20 




Figure 2.7 Rates of formic acid decomposition versus work function of nanocatalysts.
22
 





Figure 2.8 a) ATR-IR of CO on polymer-stabilized colloid Pd. b) Calculated electron density 
difference contour of CO after adsorption on Pd (111).
24
 
2.2 Molybdenum Oxides and Ruthenium Based Nanocomposite 
      Catalysts 
In this work, molybdenum oxides and ruthenium are selected as active components, 
which are integrated within mesoporous carbon and silica supports for green 
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chemistry applications. This section summarizes the structure, properties, synthesis 
and catalytic reactions of the above mentioned materials. 
2.2.1 Molybdenum Oxides  
2.2.1.1 Molybdenum trioxide and molybdenum dioxide 
Molybdenum has several oxidation states in oxide forms such as +4, +5, and +6, 
among which MoO3 and MoO2 are the most common oxides. Molybdenum trioxide 
forms crystal phases including thermodynamically stable α-MoO3 (orthorhombic), β-
MoO3 (monoclinic) and h-MoO3 (hexagonal).
25,26
 In α-MoO3 crystalline structure, 
MoO6 octahedral units share edges and corners along [001] and [100] directions 
respectively, forming a double layer structure, which further stacks along [010] 
direction (Figure 2.9).
26
 MoO2 (monoclinic) has distorted rutile structure, as shown in 
Figure 2.10. MoO6 octahedral units share edges forming a column along [100] 
direction. These MoO6 columns connect with each other via corner sharing in (100) 
plane.       
Numerous of synthetic methods have been developed to prepare various 
nanostructured MoO3 and MoO2 materials. Lou and Zeng have successfully prepared 
α-MoO3 nanorods by a template free hydrothermal route, utilizing the structure 
anisotropy of α-MoO3, as shown in Figure 2.11.
26
 Due to the layered structure of α-
MoO3, organic molecules can be intercalated between the MoO3 molecular sheets. 
The intercalated hybrid materials can be further transferred into various morphologies 
such as nanorod, nanoplate, and nanotube via hydrothermal treatment.
27-29
 MoO3 
hollow spheres have been prepared by a sonochemical deposition method using silica 
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spheres as the template.
30
 MoO3 nanoparticles as small as 1.3 nm have been prepared 







Figure 2.9 Schematic drawing of α-MoO3 crystallographic structure. The sky blue octahedral 




















 Other than thermodynamically stable α-MoO3, metastable h-MoO3 
nanobelts have been also prepared at low temperature or with assistant of inorganic 
salts (e.g., NaNO3).
25
 Utilizing mesoporous silicas with 2D or 3D channels (i.e., SBA-
15 and KIT-6), MoO2 nanorods or mesoporous structures have been prepared by 
impregnation followed by calcination and silica removal.
32,33 
 
Figure 2.11 TEM images of α-MoO3 nanorods prepared by hydrothermal synthesis.
26
 
Molybdenum oxides (MoO3 and MoO2) have been widely used in various catalytic 
reactions. Alumina supported MoO3 promoted by Co or Ni has been used as catalyst 
precursor of Co or Ni promoted MoS2 catalyst for hydrodesulfurization (HDS) of 
transportation oil in refinery.
34
 MoO3 based catalyst have also been used as oxidation 
catalyst for conversion of methanol to formaldehyde and oxidative dehydrogenation 
of alkanes.
35-37
 Dehydroaromatization of methane to benzene has also been studied 
with Mo/ZSM-5 catalyst.
38,39
 Less than 10% of methane conversion was achieved 
with benzene selectivity of ~ 70%.
38
 Pure MoO3 or zirconia supported MoO3 have 
been demonstrated to be solid acid catalysts for Friedel-Crafts alkylation.
40,41
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Comparing with MoO3, MoO2 however was less explored for catalytic reactions. 
Recently, there were reports that MoO2 supported Cu or Ni catalysts were active for 
water gas shift reaction.
42,43
  
2.2.1.2 Molybdenum based heteropoly acids 
Heteropolyacids are mixed oxides based inorganic acids.
44,45
 The best known example 
is Keggin type heteropolyacids with the molecular formula of HnXM12O40. X stands 
for the hetero atom at the center of Kegging structure such as Si and P, while M 
represents poly atoms (i.e., Mo, W) surrounding the central atom.
45
 Taking 
H4SiMo12O40 as an example, the central SiO4 tetrahedral unit is surrounded by four 
Mo3O13 units. The Mo3O13 unit consists of three MoO6 units connected through edge 






Figure 2.12 Schematic drawing of H4SiMo12O40 crystallographic structure. The sky blue 
octahedral units represent MoO6, and the yellow tetrahedral unit stands for SiO4.  
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Heteropoly acids can be prepared by reaction of sodium molybdate/tungstate with 
phosphoric acid/sodium silicate in the presence of hydrochloric acid as shown in 







The obtained heteropoly acids can be purified by dissolution, ether extraction, and 
crystallization process. Due to their low surface area (< 5 m
2
/g), heteropolyacids have 
been usually deposited on catalyst support such as silica and carbon mostly via 
impregnation.
49-51
 Another method is via in-situ encapsulation of heteropoly acids 
within porous structures. For instance, heteropoly acids have been included into metal 
organic frameworks (MOF) during synthesis of MOF (Figure 2.13).
52
 The resulted 
catalyst has been demonstrated to be very active for hydrolysis of ethyl acetate. Other 
than solid acid catalyst, heteropoly acids can be used as oxidation catalyst as well.
45
  




Figure 2.13 Heteropoly acids@MOF for hydrolysis of ethyl acetate.
52
 
2.2.2 Ruthenium nanoparticles 
Ruthenium is a transition metal of platinum group with a hexagonal close packed 
structure (hcp) as shown in Figure 2.14. Ruthenium has several oxidation states such 
as +2, +3, and +4, among which RuO2 with a rutile structure (tetragonal) is the most 
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Ruthenium nanoparticles have been prepared by several methods. In Pan et al.’s work, 
decomposition of ruthenium organic metallic precursor in organic solvent has 
produced Ru nanoparticles or nanorods with size varied from 1.1 to 2.6 nm in the 
presence of capping agent.
53
 RuCl3 has also been utilized as the precursor for 
synthesis of Ru nanoparticles via polyol reduction method.
54
 In this system, water 
soluble polymer polyvinylpyrrolidone (PVP) or alkaline (i.e., NaOH) are essential for 
controlling the size of ruthenium nanoparticles via steric or electrostatic repulsion.
55-57 
For example, ruthenium nanoparticles of 1.1 nm with narrow size distribution have 
been synthesized by reduction with ethylene glycol in the presence of NaOH (Figure 
2.15).
56
 Furthermore, the particle size of ruthenium nanoparticles can be further 




For catalytic applications, ruthenium has been immobilized onto catalyst supports by 
impregnation, deposition, co-precipitation or colloid deposition method. For instance, 
ruthenium has been impregnated onto mesoporous silica SBA-15 for hydrogenation 
reaction in Zhou et al.’s work.58 Recently, impregnated ruthenium catalysts such as 
Ru/zeolite and Ru/C have been used for hydrogenolysis of biomass feedstock (i.e., 
cellulose and glycerol) to sugar alcohols and polyols.
59-61
 As ruthenium nanoparticles 
may have different selectivity for hydrogenation reaction from impregnated 
ruthenium catalyst,
62
 direct deposition of ruthenium nanoparticles onto porous silica 
has provided an alternative method for preparation of supported ruthenium catalyst 
with uniform size distribution. For example, ruthenium nanoparticles of 2.2 nm have 
been deposited onto zinc modified porous silica spheres, which demonstrated good 
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activity for toluene hydrogenation.
63
 Moreover, supported ruthenium catalysts were 















2.2.3 Integrated Nanocatalysts  
Unsupported nanoparticles are active nanocatalysts for catalytic reactions. However, 
the small particle size poses the greatest problem in separating them from reaction 
mixtures. For practical applications, the nanoparticles have to be loaded onto a 
suitable catalyst support similar as conventional supported heterogeneous catalysts.
1
 
In addition to effective separation from reaction mixture, catalyst support also helps 
restrict aggregation of nanoparticles during pretreatment or reaction.
66,67
 In certain 
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cases, catalyst supports even interact with nanoparticles to modify the activity and/or 
stability of resulted catalysts via strong metal support interaction or incorporation of 
support elements within active components.
68,69
 Furthermore, catalyst supports may 
directly involve in reaction steps such as adsorption of reactants and stabilization of 
reaction intermediates etc.
11,70,71 
                               
There are basically four strategies to assembly nanoparticles within catalyst supports, 
as illustrated in Figure 2.16. The first route is deposition of metal/metal oxide 
precursor, active component of nanocatalysts, onto catalyst supports. This method 
includes traditional protocols to prepare heterogeneous catalysts such as 
impregnation, ion-exchange, and deposition precipitation.
72
 Gold nanoparticles of 0.7-
2.7 nm supported on titania have been synthesized by deposition-precipitation 









Figure 2.16 Scheme of four strategies to prepare integrated nanocatalysts: (a) metal/metal oxide 
precursors deposited onto support materials, (b) metal/metal oxide precursors precipitated with 
support precursors, (c) metal/metal oxide nanoparticles deposited onto support materials, and (d) 
support precursor precipitated in the presence of metal/metal oxide nanoparticles.  
a +  
b +  
c +  
d +  
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The second method is to precipitate metal/metal oxide together with support 
precursors by sol-gel, co-precipitation, or hydrothermal synthesis.
9,64,69,74-77
 Shown in 
Figure 2.18, hydrothermal treatment of iron nitrate and glucose solution generated 
iron oxide nanoparticles with size of 1 nm encapsulated within carbon spheres.
75
 The 
third method is direct deposition of nanoparticles onto catalyst support with or 
without surface modifications.
78-81
 The resulted nanocatalysts generally have better 
control of morphology and particle size, as nanoparticles are pre-synthesized with 
uniform size distribution. It is noted that surfactants are generally used for preparation 
of nanoparticle.  
 
Figure 2.17 (a) TEM image of calcined Au/TiO2 prepared by deposition precipitation with NaOH, 
and (b) size histogram of gold nanoparticles.
73
 




Figure 2.18 (a, b) TEM and (c, d) HRTEM images of FexOy@C.
74
 
For catalytic applications, the surface bonded molecules/polymers have to be removed 
by thermal treatment or UV irradiation (Figure 2.19).
78
 The last method is to 
synthesize catalyst support in the presence of nanoparticles.
67,82-85
 Through this way, 
the nanoparticles are encapsulated by porous support materials (i.e., mesoporous 
silica). Pt nanocrystals with size of around 20 nm were used as cores to grow 
mesoporous silica shells, yielding core-shell structure. This Pt@mSiO2 core-shell 
nanocatalyst was thermally stable. No aggregation or sintering of Pt nanoparticles was 
observed by heating up to 550 
o
C (Figure 2.20). 













Figure 2.20 TEM images of Pt@mSiO2 nanoparticles after calcination at (a, b) 350 
o
C, (c) 550 
o
C, 





2.3 Green Chemistry  
2.3.1 Friedel-Crafts Alkylation 
Friedel-Crafts (F-C) reaction, developed by Charles Friedel and James Crafts in 1877, 
is a powerful method to form C-C bond on aromatic rings.
86
 Depending on reaction 
reagents, F-C reaction can be classified as the following two types: alkylation (alkyl 
halides, alcohols and alkenes etc. used as alkylation reagent) and acylation (such as 
acyl halides and anhydrides). F-C reaction has wide applications in laboratory 
synthesis as well as in industry processes such as high octane gasoline, ethylbenzene, 
Chapter 2 Literature Review 
31 
 
plastics and detergents production.
87
 F-C alkylation is an electrophilic aromatic 
substitution reaction catalyzed by strong Lewis or Bronsted acids. The reaction 
scheme is shown in Figure 2.21. The reaction mechanism is believed as following: the 
alkylation agent such as benzyl chloride is firstly activated by acid catalyst to 
dissociate halide ion and form benzyl cation as an electrophile. The benzyl cation will 
then attack the aromatic compounds to form arenium ion, which is the rate determine 
step. The resulted arenium intermediate stabilize itself by dissociating a proton to 






Figure 2.21 Friedel-Crafts Alkylation of aromatic compounds with benzyl chloride by AlCl3 
catalyst.  
Conventionally, Friedel-Crafts alkylation is catalyzed by homogeneous acids such as 
AlCl3, FeCl3, ZnCl2, and H2SO4. This method unavoidably generates a large amount 
of process wastes. Furthermore, it is difficult to recover homogeneous catalysts from 
the reaction mixture. Hence, considerable efforts have been made to develop 
environmentally benign, recyclable, heterogeneous solid acid catalysts.
89,90
 Zeolites 
(i.e., ZSM-5 and MCM-22) have been successfully used in industry to produce 
ethylbenzene and cumene over the last 30 years.
91
 The success application of zeolites 
for production of ethylbenzene and cumene is partly due to the small molecular size 
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compounds, zeolites were reported to less active because of limited pore size.
92
 
Therefore mesoporous materials such as mesoporous zeolites, sulfated mesoporous 
niobium oxide or carbon, and mesoporous mixed oxides have been investigated for F-
C alkylation.
93-103
 Some recent developments in solid acid catalysts are summarized in 
Table 2.1. As can be seen, niobium molybdenum mixed oxide exhibit comparable or 
higher activity than commercial sulfonated polymer catalysts (e.g., Nafion NR50 
and Amberlyst-15).
104
 In particular mesoporous zeolites are extremely active for F-
C alkylation with TOF one order higher than rest solid acid catalysts, while 
conventional zeolites such as ZSM-5 and H-Beta are less active. This excellent F-C 
alkylation activity is due to that 34-44% of acid sites are located within mesopores  





























n. d. 1.9 80 20 4.9 
Nafion NR50
104 
0.02 0.9 80 20 2.8 
Amberlyst-15
04 
50 4.8 80 20 0.4 
ZSM-5
104 
326 0.2 80 20 0.6 
H-Beta
104
 420 1.0 80 20 0.1 
Meso MFI
105
 1190 0.88 80 7 72.4 
Meso Beta
105 
870 0.72 80 7 66.3 
Notes: 
a
 TOF is calculated as number of benzyl alcohol molecules converted per acid site per 
hour.  
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instead of micropores within mesoporous zeolites.
105
 
2.3.2 Oxidative Desulfurization 
Sulfur removal has been an integral process in refinery industry, as crude oil contains 
around 1 wt% of sulfur depending on feed quality. Sulfur is a pollutant to 
environment and human heath. Therefore, regulatory actions have been taken 
worldwide to restrict sulfur level in transportation oil.
106
 In Singapore, the allowed 
sulfur level in diesel is below 50 ppm.
107
 While in Europe and US, the sulfur level is 
regulated to be below 10 and 15 ppm, respectively.
108,109
 
Hydrodesulfurization (HDS) process has been used to remove sulfur from diesel oil in 
industry. In HDS process, the sulfur compounds react with hydrogen to release 
hydrogen sulfide under high pressure (30-80 bar) and high temperature (300-400 
o
C) 
conditions. The produced hydrogen sulfide is further oxidized to produce sulfur as 
side product. The catalyst used is cobalt or nickel modified molybdenum sulfide 
supported on alumina.
106
 A number of sulfur compounds exist in diesel such as thiols, 
thiophenes, benzothiophenes, and dibenzothiophenes etc. Their reactivity towards 
HDS is as the following order: thiols > thiophenes > beznothiophenes > 
dibenzothiophenes. Dibenzothiophenes, especially substituted dibenzothiophenes (i.e., 
4, 6-dimethyldibenzothiophene), are the most refractory compounds to be removed by 
HDS, because the substituted methyl group hindered the adsorption of sulfur 
compounds on the catalyst surface.
110
 In order to achieve lower sulfur level (down to 
10 ppm), the HDS process has to be operated under more severe conditions such as 
even higher pressure and temperature, which consumes more energy.    
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Oxidative desulfurization (ODS) as an alternative process has been proposed to 
remove refractory sulfur compounds.
111
 In ODS process, the sulfur compounds are 
firstly oxidized to respective sulfone compounds. The sulfones are more polar than 
their sulfur precursors, therefore they can be removed from diesel by solvent 
extraction or adsorption with solid absorbents.
112
 In addition, the ODS process can be 










Figure 2.22 Simplified process diagram for the treatment and production of ultra low sulfur 
diesel.
113 
Three types of catalysts, namely, heteropoly acids, molybdenum oxide/tungsten oxide 
based catalysts and titanosilicates have been mainly explored for oxidation of sulfur 
compounds (Table 2.2).
112,114-119
 In particular, phosphotungstic acid has been 
extensively investigated as oxidation catalyst for ODS reaction. The activity of 
phosphotungstic acid is higher than that of titanosilicate catalyst. The oxidants used 
are either hydrogen peroxide or organic peroxides. The oxidant to sulfur ratio has 
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been optimized to 2.5/1 or 3/1 in recent reports comparing to 162:1 in the initial 
paper.
112,114,117,118
 The metal-alkyl hydroperoxide complex mechanism has been 
proposed for sulfur oxidation by peroxide as illustrated in Figure 2.23. Taking 
supported molybdenum catalyst as an example, hydrogen peroxide coordinates to 
Mo=O of molybdenum oxide forming molybdenum hydroperoxide complex. 
Subsequently, the sulfur compound reacts with peroxide oxygen to generate sulfur 
oxide, which further reacts with peroxide oxygen to form sulfone product.
116
 





















50 1:77 162:1 9.8 
Phosphotungstic 
acid





30 1:44 3:1 2.2 
Mo/Al2O3
116 





80 1:11 2.5:1 5.5 
WO3/ZrO2
118 





50 1:1.6 4:1 1 
Notes: 
a
 TOF is calculated as mole of sulfur compound molecules converted per mole of 
active metal (i.e., W, Mo, and Ti) per hour.  











Figure 2.23 Proposed mechanism for the oxidation of organosulfur compounds by hydrogen 
peroxide and supported molybdenum catalyst.
116 
2.2.3 CO2 Hydrogenation 
Carbon dioxide (CO2) as one of the main greenhouse gases has received much interest 
over the last decades.
120-121
 There are three strategies to mitigate CO2 emission to 
environment. The first route is continuous improvement of the energy efficiency of 
every aspect of human activities. The second way is switching energy sources from 
fossil fuels to clean and renewable sources such as solar, wind and non-edible 
biomass etc. The third method is capture, storage and utilization of CO2 for more 
valuable chemicals.
122
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Carbon dioxide is naturally converted to sugars by plant via photosynthesis utilizing 
solar energy. In industry, there are several processes in operation, using CO2 as the 
feedstock for producing other chemicals. For instance, urea is produced from 
ammonia (NH3) and CO2. It is estimated that 90 million tons of CO2 are used for 
production of urea annually.
120
 Another example is methanol synthesis, in which 





 In laboratory, more chemical routes have been explored for 
conversion of CO2 into valuable chemicals. For example, hydrogenation of CO2 has 
been extensively studied.
123
 Depending on catalyst and reaction conditions, CO2 can 
be hydrogenated to various chemicals such as methanol, hydrocarbon, and formic acid 
etc. At low pressure, CO2 can be hydrogenated to carbon monoxide (CO) or methane 
(CH4) via reverse water gas shift reaction or methanation reaction, respectively.
123
  
A list of catalysts for hydrogenation of CO2 to CO or CH4 are summarized in Table 
2.3 and 2.4, respectively.
124-128
 Copper based catalysts have been used for low 
temperature water gas shift reaction.
129
 Thus they are also active for the reverse 
reaction. Especially, copper supported on silica prepared by atomic layer deposition 
(ALD) method has been reported to have similar activity as supported Pt catalyst 
based on total weight of catalyst.
125
 Generally, Pt supported on reducible oxides such 
as CeO2 and TiO2 were very active for reverse water gas shift reaction, with their TOF 
approaching to 0.09 s
-1




 However, these catalysts deactivated due to 
carbon deposition.
127
      
Several mechanisms have been proposed for reverse water gas shift reaction. For 
example, CO2 was considered as a mild oxidant to adsorb onto the metal surface via  
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5000 500 3.4 0.045 
2.4%Cu/SiO2
125 
2000 500 4.8 0.094 
2%Pt/SiO2
125 
2000 500 5 0.362 
10%Cu-Fe/SiO2
126
 2000 600 16 0.075 
2%Pt/CeO2
127
 250 290 20 0.072 
1%Pt/TiO2
128 
200 300 15 0.086 
1%Pt/Al2O3
128 
200 300 5 0.028 
Notes: 
a
 TOF is calculated as mole of CO2 converted per mole of active metal.  
dissociation to form adsorbed carbonyl (COad) and oxygen (Oad) species. The 
carbonyls desorb to form carbon monoxide molecules, while the surface adsorbed 
oxygen atoms were cleared by adsorbed hydrogen atoms (Had) and released as water 
to regenerate the metal surface (redox mechanism).
130-133
 Another mechanism 
suggested formate decomposition route to produce CO, with formate species 
generated by association of hydrogen with CO2.
134-135
 A different mechanism was 
proposed for Pt/CeO2 catalyst by steady-state isotopic transient kinetic analysis. It was 
suggested that CO2 molecules adsorbed onto the oxygen vacancies on CeO2 support 
and released CO or the surface carbonate species diffused to Pt sites and then 
decomposed to form carbonyl on Pt surface (Figure 2.24).
136
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Carbon dioxide can be hydrogenated to methane via methanation reaction. Catalysts 
such as supported Ru, Rh, Ni, and Co have been reported to be active for methanation 
reaction.
137
 Table 2.4 summarizes part of more recent literature results.
138-144
 As can 
be seen, 0.8%Ru/TiO2 prepared by sputter coating has been demonstrated to be active 
at 200 
o
C with a TOF of 0.103 s
-1 







Ruthenium supported on CeO2 and Co3O4 supports exhibited a TOF of 0.081 and 
0.048 s
-1









Transition metals such as Ni have been explored for methanation reaction as well, 
however, their activity is lower comparing to Ru based catalysts.
142-144
 For example, 
nickel supported on rice husk ash-almina support had a TOF of 0.008 s
-1
 with a space 









For methanation reaction, it was postulated that CO2 was firstly hydrogenated to 
surface bounded COad, which has been identified as the important reaction 
intermediate for production of CH4.
142,145-147
 The formation of surface adsorbed COad 
molecules has been discussed in previous section of reverse water gas shift reaction. 
The hydrogenation of surface COad to CH4 may proceed via two routes, which is 
similar as CO methanation reaction. In the first route, surface COad is hydrogenated in 
sequence to HCOad/H2COad, CHx,ad, and finally CH4.
145-148
 The other route is that 
surface COad molecules dissociate on the metal site to form surface adsorbed carbon 
(Cad) and Oad species. The surface carbon species are then hydrogenated stepwisely to 













Figure 2.24 Reaction mechanisms of the reverse water gas shift reaction over Pt/CeO2.
136 

























70 200 80 0.103 
1.4%Ru/TiO2
139 
30 200 80 0.025 
Ce0.95Ru0.05O2
140 
500 450 55 0.081 
(Co0.95Ru0.05)3O4
141 
500 400 33 0.049 
5%Ru/SiO2
141 
500 400 45 0.066 
6.2%Pd/SiO2
142 
102 450 40.8 0.011 
6.2%Pd-Mg/SiO2
142 
102 450 59.2 0.015 
6.2%Ni/SiO2
142 
102 450 36.8 0.009 
15%Ni/RHA-Al2O3
143 
500 400 30 0.008 
1%Ni/MCM-41
144
 191 400 8.3 0.019 
Notes: 
a
 TOF is calculated as mole of CO2 converted per mole of active metal.  
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Chapter 3      
Characterization Methods 
This chapter describes the techniques that were used for characterization of physical 
and chemical properties of the prepared nanocatalysts as well as 
identification/quantification of reaction products in this work.    
3.1 Powder X-ray Diffraction (XRD) and Small-angle X-ray 
Diffraction (SAXRD) 
Chemical compositions and crystallographic structures of samples are obtained with 
Powder XRD (Shimadzu XRD-6000 and Bruker D8 Advance, Cu Kα radiation, λ = 
1.5406 Å). When X-rays hit samples, the incident beams diffract into many directions. 
By comparing the angles and intensity of diffracted X-rays with JCPDS database, the 
unknown crystalline samples can be identified. The interlayer space of the crystal 
planes (d) is related to diffraction angles (θ) by Bragg’s equation: λ = 2dsinθ.1 
SAXRD is recorded within small angle range (less than 10°) of incident beam, which 
is useful to examine structural information in the nanometer range. This method can 
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apply to both crystalline and amorphous materials. In this work, SAXRD is used to 
probe the periodicity of prepared mesoporous silica nanomaterials. The samples are 
prepared as fine powders or a thin layer on the sample holder.   
3.2 Field Emission Scanning Electron Microscopy (FESEM) and 
Energy Dispersive X-ray Spectroscopy (EDX) 
FESEM (JSM6700F) is a type of electron microscopy which is widely used to probe 
the surface morphology of materials. A focused beam of electrons scan the sample 
surface and eject electrons and X-rays. The electrons are collected by the detector to 
produce images of the sample. The resolution usually falls within 1-20 nm.
2
 The X-
rays, characteristics of elements, provide the composition information of elements 
within the sample. For FESEM/EDX analysis, 1-3 mg of sample is deposited onto 
carbon tape, which adheres on top of a copper stub, followed by coating with 
platinum using a sputter coater.   
3.3 Transmission Electron Microscopy (TEM)  
TEM (JEM-2010 and 2100F) is a powerful method for viewing the morphology, size 
and even lattice of nanomaterials. Different from SEM, the electron beam transmits 
through a thin specimen and produces image onto a fluorescent screen or charge-
coupled device (CCD) camera. The working principle of TEM is similar as light 
microscope except that high energy electrons (short wave length) are used to improve 
the resolution. High resolution transmission electron microscope (HRTEM) can 
achieve resolution down to angstrom range.
2
 Typically, 1-3 mg of sample is dispersed 
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into 1 mL of ethanol via sonication, followed by dropping onto a copper grid for TEM 
analysis.  
3.4 Nitrogen Adsorption-Desorption Analysis  
Nitrogen adsorption-desorption (Quantachrome NOVA-3000) is a non-destructive 
method to probe the physical properties of materials such as surface area, pore size 
and pore volume etc. By adsorption and desorption of N2 at 77 K, the isotherm is 
plotted as volume of adsorbed N2 versus relative pressure. The specific surface area of 
the sample is calculated based on Brunauer-Emmett-Teller (BET) equation: 
 
Where p and p0 are the equilibrium and saturation pressure of N2, v and vm are the 
amount of adsorbed and monolayer adsorbed N2, c is the BET constant.
3
 The total 
pore volume and pore size distribution are determined by Barrett-Joyner-Halenda 
(BJH) or nonlocal density function theory (NLDFT) method. The micropore volume 
and external surface area are calculated based on t-plot method, as shown in the 
following equation: 
a(p/p0) = amicro,max + k * Sext * tlayer(p/p0) 
Where p and p0 are the equilibrium and saturation pressure of N2, a is the amount of 
adsorbed N2, and amicro,max is the maximum amout of adsorbed N2 in the micropores. 
Sext is the external surface area (surface area of pores larger than micropores), 
tlayer(p/p0) is the estimated statistical thickness of adsorbed layer and c is the constant. 
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The mesopore volume is determined from the difference between total pore volume 
and micropore volume. In a typical measurement, 40-100 mg of sample is degassed 
overnight at 120-300 
o
C, followed by adsorption-desoprtion analysis at 77 K.  
3.5 X-ray Photoelectron Spectroscopy (XPS) 
Composition and chemical state of elements in the sample are analyzed by XPS 
(Kratos-Axis) using a monochromatized Al Kα exciting radiation (hν = 1486.71 eV). 
When a beam of X-ray hits the sample, electrons eject from the surface (top 1-10 nm). 
The kinetic energy of escaped electrons is recorded by the detector, while the binding 
energy (characteristic of each element) is calculated by the following equation: 
Ebinding = Ephoton – (Ekinetic + ϕ) 
Where Ebinding and Ekinetic are the binding energy (BE) and kinetic energy of the 
electrons respectively, Ephoton is the energy of Al Kα, and ϕ is the work function of the 
instrument.
4
 All binding energies are referenced to C 1s (284.6 eV) or Si 2p (103.3 
eV). 1-3 mg of sample is deposited onto a small piece of glass with double-sided tape, 
which is then attached on top of a steel stub for XPS analysis.  
3.6 Thermogravimetric Analysis (TGA) 
TGA (TA instrument, TGA-2050 or Shimazu, DTG-60 AH) is a thermal analysis 
method to monitor changes of physical and chemical properties of materials upon 
thermal treatment. From the weight loss of sample versus temperature, physical 
transitions (i.e., moisture evaporation, desorption, and sublimation) and chemical 
processes (i.e., decomposition, oxidation, and carbonization) can be identified.
5
 In a 
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typical experiment, 5-15 mg of sample is loaded into an alumina crucible, which is 
heated up to 900 
o
C under N2 or air atmosphere.  
3.7 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR (Bio-Rad, FTS-135) is a spectroscopy method for characterization of organic 
molecules or polymers with functional groups. When the infrared (IR) light shines on 
the sample, absorption of IR happens when the irradiation frequency is matching with 
the vibration frequency of the chemical bond, which has a permanent dipole. Each 
chemical bond has its own characteristic absorption frequency.
5
 For powder samples, 
1 mg of solid is grinded with 100 mg of KBr. The mixture is then pressurized to form 
a transparent pallet for IR analysis.    
3.8 Gas Chromatography (GC) and Mass Spectrometry (MS)  
GC is a separation technique to analyze organic compounds. When the sample is 
injected into GC inlet, the analytes vaporize and are carried over by carrier gas (i.e., 
He) to the column, which has a stationary phase (i.e., polydimethylsiloxane) on the 
inner surface. The analytes distribute between the carrier gas and stationary phase to 
varying degrees. The compounds elute out of GC column at different time depending 
on their interaction with the stationary phase. The eluted compounds can be identified 
by external standards or MS. The concentratiotn of each compound is determined 
from the peak area.
5
 MS is an analytical method for identifying unknown compounds. 
The analytes are vaporized and ionized to charged molecules or molecule fragments, 
which are then detected based on mass-to-charge ratio. For analyzing the reaction 
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products in this work, 0.5 mL of reaction mixture is centrifuged to remove solid 
catalyst before injected into GC or GC-MS.    
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Preparation of Mo-Embedded 
Mesoporous Carbon Microspheres for 
Friedel-Crafts Alkylation 
4.1 Introduction 
Over the past decade, research on porous carbon materials has received great attention 
due to many important applications of this class of novel materials in water treatment, 
environmental remediation, gas separation and purification, chromatographic devices, 
heterogeneous catalysis, and energy storage (e.g., lithium ion batteries and 
supercapacitors).
1
 From the viewpoint of materials chemistry, porous carbons have 
been synthesized with various methods which involve chemical or physical 
activation,
2-4
 carbonization of polymeric solids,
5-7
 catalytic activation of carbon 
precursors,
8
 hydrothermally activated carbonization,
9
 and templated synthesis 









 Concerning the development 
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of nanocatalysts for heterogeneous catalysis, it is highly desirable to prepare 
homogeneously dispersed catalytic active phases (such as metal or metal oxide 
nanoparticles) within certain porous solid matrixes or permeable shells, where active 
nanoparticles are largely isolated and their agglomeration under reaction conditions 
can be prevented.
16-20
 The porous materials herein act as a physical barrier but still 
allow reactants and products travelling freely between bulk reaction media and 
catalyst surfaces. Similarly, to prepare carbon-encapsulated metal and metal oxide 
catalysts, a number of processes and techniques have also been developed in recent 
years.
21-33
 For instance, the following physical or chemical routes have been 





 chemical vapor deposition of carbon on metal and metal 
oxide catalysts,
23-26
 conventional metal impregnation,
27
 co-carbonization of carbon 
and metal precursors,
28,29




To use the above porous carbon supported catalysts in practical applications, we noted 
that acid-catalyzed Friedel-Crafts alkylation may serve as a suitable testing case,
34
 
because carbonaceous materials have high chemical stability towards acidic working 
environments. For example, the liquid phase benzylation of benzene and other 
aromatic compounds by benzyl chloride or benzyl alcohol is a key step for the 
production of diphenylmethane and substituted diphenylmethanes which are 
important intermediates for pharmaceutical and fine chemical industries. 
Conventionally, Friedel-Crafts alkylation reactions are catalyzed by homogeneous 
acids such as AlCl3, FeCl3, ZnCl2 and H2SO4.
35,36
 In this connection, it is extremely 
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difficult to recover the molecular catalysts from the reaction mixtures which 
unavoidably generate a large amount of hazardous wastes after reactions. To tackle 
these issues, therefore, considerable efforts have been put in to develop 
environmentally benign and recyclable heterogeneous solid acid catalysts such as 
supported Lewis acids, zeolites, clays, mixed oxides, heteropoly acids, and ion-
exchanged resins.
35,36
 In relation to the development of solid acids, however, there 
have been less studies on supported or nanostructured molybdenum oxides as solid 
acids for Friedel-Crafts alkylation reactions,
37,38
 although zirconia supported 
molybdenum oxide had been used as a solid acid catalyst for benzylation of toluene 
more than twenty years ago.
37
  
Concerning the development of carbon supported nanocatalysts, on the other hand, 
there have been a few reports on metal and metal oxide nanoparticles encapsulated 
inside carbon spheres, but the synthesized carbon phases are either nonporous or have 
relatively small surface areas.
29-32
 In addition, it remains a grand challenge for one to 
prepare nanocatalysts with high loading of active components on this type of porous 
supports.
33
 As far as we know, the present study is the first report of molybdenum 
oxide nanocrystals encapsulated within a porous carbonaceous matrix with high 
specific surface areas (Figure 4.1). The Mo-embedded mesoporous carbon spheres 
have been evaluated as a solid acid catalyst for Friedel-Crafts benzylation of toluene 
with benzyl alcohol, and their promising catalytic activity has also been demonstrated 
in this work. 
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4.2 Experimental Section 
4.2.1 Materials Preparation  
Highly dispersed molybdenum oxide encapsulated carbon spheres were synthesized 
by a facile hydrothermal method followed by carbonization in nitrogen and oxidation 
in air. In a typical synthesis, 100 mg of sodium molybdate (Na2MoO4, Merck) was  
 
 
Figure 4.1 A schematic drawing of transforming as-synthesized non-porous MoO2@C to   
mesoporous MoO2@C and MoO3@C by thermal treatment in nitrogen and air, respectively.  
dissolved in 12.0 mL of 0.5 M HCl solution, followed by adding 1.08 g of D-glucose 
(C6H12O6, Alfa Aesar) and well stirred for 10 min at room temperature. Afterward, the 
solution was transferred to a Teflon-lined stainless steel autoclave (40.0 mL in 
volume), and hydrothermally treated in an electric oven at 180 
o
C for 6 h. After 
cooling down under tap water, the dark product precipitate was harvested by 
centrifugation and washed thoroughly with deionized water four times. Finally, the 
solid product was dried at 70 
o
C overnight. This as-synthesized sample was denoted 
as Mo@C-1. The Mo@C-1 sample was then loaded into a tube furnace and heated in 
a nitrogen stream (flowrate = 40 mL/min) at 700 
o
C for 4 h at a heating rate of 4 
o
C/min; the resultant sample from this carbonization process was named as Mo@C-2. 
The Mo@C-2 was further heat-treated (or oxidized) in static air at 300 
o
C for 3 h, and 
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silicon wafer was added into the above synthesis solution to deposit a thin film of 
Mo@C-1 spheres onto silicon (100) surface (i.e., Mo@C-1/Si(100) sample). The as-
deposited Mo@C-1/Si(100) films were further treated following carbonization and 
oxidation processes mentioned above, which gave rise to Mo@C-2/Si(100) and 
Mo@C-3/Si(100) samples for the contact angle measurement. 
4.2.2 Materials Characterization  
The crystallographic structure of the samples was established using powder X-ray 
diffraction (XRD, Shimadzu XRD-6000, Cu Kα radiation, λ = 1.5406 Å) at a scanning 
rate of 1
o
/min. The dimension, morphology, and chemical composition of the samples 
were examined using field emission scanning electron microscopy and energy 
dispersive X-ray spectroscopy (FESEM/EDX, JSM-6700F), transmission electron 
microscopy (TEM, JEM2010, 200 kV), and high resolution transmission electron 
microscopy (HRTEM, JEM2100F, 200 kV). The thermal behavior of the samples and 
the weight of metal oxide phase were characterized using TGA (TA instruments, 
TGA 2050). During the experiment, about 10 mg of the sample was heated from room 
temperature to 700 
o
C at a heating rate of 10 
o
C/min in nitrogen or purified air 
atmosphere (flowrate = 80 mL/min). The specific surface areas of the samples were 
determined using N2 adsorption-desorption isotherms (at 77 K; Quantachrome 
NOVA-3000 system). Prior to measurements, the samples were degassed at 110
o
C 
overnight. Surface compositions of the samples were investigated with X-ray 
photoelectron spectroscopy (XPS, AXIS-HSi, Kratos Analytical) using a 
monochromatized Al Kα exciting radiation (hν = 1486.71 eV). The XPS spectra of all 
studied elements were measured with a constant analyzer-pass-energy of 40.0 eV. All 
Chapter 4 Preparation of Mo-Embedded Mesoporous Carbon Microsperes for Friedel-Crafts Alkylation 
61 
 
binding energies (BEs) were referenced to the C 1s peak (BE = 284.6 eV) arising 
from CC bonds. Chemical bonding information of the samples was studied with 
Fourier transform infrared spectroscopy (FTIR, Bio-Rad FTS-135) using the 
potassium bromide (KBr) pellet technique. The oil/water contact angle of the prepared 
samples was measured using a VCA optima surface analysis system. By dropping an 
oil (tetradecane) or water droplet onto the film surface of examined sample, the image 
was recorded by an inbuilt camera. Acidity of the samples was characterized by 
ammonia temperature programmed desorption (NH3–TPD) using a ChemBET-3000 
system coupled with a TCD detector (Quantachrome Instruments).  
4.2.3 Benzylation of Toluene  
Liquid phase Friedel-Crafts benzylation of toluene was performed in a 3-necked 
round bottom flask coupled with a reflux condenser in a temperature controlled oil 
bath. In a typical run, 100 mg of solid catalyst (i.e., Mo@C-n, n = 1, 2, and 3) was 
added to a mixture of toluene and benzyl alcohol (20.0 mL toluene + 0.5 mL benzyl 
alcohol) with tetradecane used as internal standard for gas chromatography (GC) 
analysis. The reaction was carried out at 110 
o
C under reflux condition and with 
vigorous stirring for 4 h. The concentration of benzyl alcohol was monitored using a 
GC instrument (Agilent-7890A; equipped with a flame ionization detector (FID) and 
HP-5 column (30 m × 0.32 mm × 0.25 μm)). Gas chromatography-mass spectroscopy 
(GC-MS) was also employed in this study in order to identify the reaction products. In 
recycle tests, the used catalyst (e.g., Mo@C-3) was regenerated by a thermal 
treatment in nitrogen atmosphere at 700
o
C for 4 h, followed by calcination in air at 
300
o
C for 3 h.  
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4.3 Results and Discussion 
In this hydrothermal synthesis, molybdenum oxide embedded carbon spheres have 
been prepared in a large quantity with inexpensive sodium molybdate and glucose as 
precursors. Figure 4.2a gives the general morphology of as-synthesized Mo@C-1 
sample prepared at 180 
o
C for 6 h under hydrothermal conditions. As can be seen, 
these discrete carbonaceous spheres have a size distribution of around 2 to 8 μm 
(Figure 4.2b). After carbonization in nitrogen at 700 
o
C for 4 h, the spherical 
morphology remains nearly unchanged, while their size shrinks to less than 5 μm 
(Figure 4.2c), probably due to gasification of carbon at high temperature.
39
 Some tiny 
particles appear along with the microspheres (Figures 4.2b, 2d and 2f). 
These particles, existing in a small quantity, are also carbon-enwrapped molybdenum 
oxides as indicated by EDX analysis (inset in Figure 4.2d). They were likely formed 
during the cooling of hydrothermal process, due to increase in degree of 
supersaturation when temperature decreased. Calcination in air does not reduce the 
size of the carbonaceous spheres significantly (Figure 4.2e-2f), which implies that the 
carbon spheres are stable at this temperature even under an oxidative atmosphere (will 
be discussed in Figure 4.12).  
In order to investigate the microstructure of the Mo@C-n spheres, the samples were 
further characterized by HRTEM. Shown in Figure 4.3a and 3b, molybdenum oxide 
was readily formed after hydrothermal reaction but even prior to carbonization 
treatment. Each individual Mo@C-1 carbon sphere is composed of numerous fine 
molybdenum oxide particles embedded within the carbon matrix. In Figure 4.3b and 
Figure 4.4, a closer examination under a higher magnification reveals that the size of 
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darker nanocrystals is of 3 to 6 nm. The lattice spacing of 0.24 nm could be assigned 
to the (200) plane of MoO2 phase, which shall be further confirmed by XRD analysis 













Figure 4.2 FESEM images of (a,b) Mo@C-1, (c,d) Mo@C-2, and (e,f) Mo@C-3. The inset in (d) 
shows the EDX line scans of Mo@C-2. The red, blue and green colors correspond to C, Mo, and 
O elements, respectively. 
 
































































Figure 4.4 (a, b) HRTEM images of Mo@C-1; imbedded MoO2 nanocrystals are enclosed by 
dashed circles, and the inset in (b) shows the size distribution of MoO2 nanocrystals.  
After the respective heat treatments in nitrogen and air, there is no significant change 
of the particle size of the encapsulated molybdenum oxide nanocrystals (Figure 4.3c-
3f, Figures 4.5 and 4.6), which elucidates the effectiveness of the "raisin-in-muffin" 
type structure of Mo@C-1 to inhibit the crystal growth during the two consecutive 
heat treatments (i.e., to form Mo@C-2 and Mo@C-3 samples). As expected, the 
crystal phase of encapsulated molybdenum oxide changed after calcinations. The 
lattice spacing of 0.23 nm could be assigned to (060) plane of -MoO3 phase 
(Mo@C-3, Figure 4.3f), as will be further discussed together with XRD results in 
Figure 4.8.  
It is well documented that uniform spherical carbonaceous spheres could be prepared 
under hydrothermal conditions in the temperature range of 160–200oC.9,30 However, it 
is still quite challenging to prepare this type of inorganic-organic hybrids where metal 
oxide nanocrystals (or nanoparticles) are homogeneously distributed within the 

















Figure 4.5 (a, b) HRTEM images of Mo@C-2; imbedded MoO2 nanocrystals are enclosed by 







Figure 4.6 (a, b) HRTEM images of Mo@C-3; imbedded -MoO3 nanocrystals are enclosed by 
dashed circles, and (c) the size distribution of -MoO3 nanocrystals. Because -MoO3 
nanocrystals are in elongated platelet form (orthorhombic crystal system), different orientations of 
these crystals would give a nominal “random” size distribution. 
oxide nanocrystals depend largely on the precipitation chemistry of a metal oxide of 
interest.
32,33,40
 Proper control of precipitation kinetics of both molybdenum oxide and 
porous carbonaceous matrixes under hydrothermal conditions is crucial to form 
uniform carbon encapsulated spheres. It seems that the interplay between 
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producing spherical biphasic nanocomposites, noting that molybdenum precursor 
Na2MoO4 is an oxidant in this redox process under hydrothermal conditions. 
To verify the important role of acid, we also investigated the effect of acid 
concentration with a varying range of 0.3–1.0 M on carbon encapsulated spheres 
while keeping all other synthetic parameters unchanged. As we have shown in Figure 
4.2, 0.5 M HCl solution (Experimental Section) used for this synthesis can give more 
sphere-like morphology and more uniform Mo@C product, compared to those 






Figure 4.7 FESEM image of Mo@C synthesized with (a) 0.3 M HCl, and (b) 1.0 M HCl. 
The crystallographic structure of all the samples was characterized by X-ray powder 
diffraction (XRD). From XRD pattern of Mo@C-1 (Figure 4.8a), the poorly 
crystalline phase is assigned to monoclinic MoO2 (JCPDS card no. 32-0671, space 
group: P21/n, a0 = 5.606 Å, b0 = 4.859 Å, and c0 = 5.537 Å), noting that molybdenum 
was reduced from the oxidation state +6 in its precursor compound Na2MoO4 to the 
+4 in MoO2. The carbonaceous phase in these samples is amorphous, since there are 
no graphitic carbon peaks observed. After carbonization at 700
o
C, the crystallinity of 
a) 
10 µm 10 µm 
b) 
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molybdenum dioxide is significantly improved with major diffraction peaks such as (-
111), (200), (-211), (-312) and (-222) of MoO2 phase appeared or enhanced (Figure 
4.8b). It is also noted that some of original molybdenum dioxide has been further 
reduced and carbidized to hexagonal molybdenum carbide Mo2C (JCPDS card no. 35-
0787, space group: P63/mmc, a0 = 3.012 Å, and c0 = 4.735 Å), as indicated by the 








Figure 4.8 XRD patterns of (a) Mo@C-1, (b) Mo@C-2, and (c) Mo@C-3. Peaks marked with 
symbols •, Δ, and *, correspond to monoclinic MoO2, hexagonal Mo2C, and orthorhombic MoO3 
phases, respectively. 
molybdenum oxide and carbide were oxidized to orthorhombic molybdenum trioxide 
-MoO3 phase (JCPDS card no. 05-0508, space group: Pbnm, a0 = 3.962 Å, b0 = 
13.85 Å, and c0 = 3.697 Å), as shown in Figure 4.8c. 
Figure 4.9 reports our XPS surface analysis for the three Mo@C-n samples under 
different treatment conditions. For each C 1s spectrum, the major peak at 284.6 eV is 
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assigned to the surface C–C bonds,41-43 and the second peak at 285.9–286.2 eV is 
attributed to carbon atoms presented in surface C–OH or C–O–C groups.44 The third 
peak at 287.1–287.5 eV is assigned to surface C=O moiety, and the last peak at 
288.9–289.2 eV to surface –COOH or –COO– groups.44,45 It is noted that after 
carbonization, the oxygen-containing species at higher BEs (Mo@C-1, Figure 4.9a) 
are significantly decreased in the carbonized sample (Mo@C-2, Figure 4.9b), after 
which they are not altered much in the air-heated sample (Mo@C-3, Figure 4.9c).  
For the as-synthesized Mo@C-1, two major molybdenum species, Mo
6+
 (3d5/2 = 232.7 
eV) and Mo
5+
 (3d5/2 = 230.8 eV), are found on its surface.
42,43,46
 However, there is no 
Mo
4+
 peak observed, although our XRD result reveals poorly crystallized MoO2 phase 
in this sample (Figure 4.8). It could be probably explained that due to their low 
crystallinity, the surface of the hydrothermally formed MoO2 nanocrystals could be 
easily oxidized to +5 and +6 states during the XPS sample preparation and handling.
46
 
After carbonization at 700
o
C (Mo@C-2), the molybdenum species with low oxidation 
states become more stable and observable: MoO2 (3d5/2 = 229.8 eV)
 
and Mo2C (3d5/2 
= 228.6 eV),
46,47
 which can be attributed to the resultant improved crystallinity. 
According to the XRD analysis, nonetheless, only MoO2 and Mo2C phases are 
detected in this sample. Again, the large -MoO3 (3d5/2 = 232.8 eV) and small Mo
5+
 
components (3d5/2 = 231.3 eV) observed herein could be attributed similarly to the 
ambient oxidation which turns surface MoO2 nanocrystals to -MoO3 and HxMoO3 
surface species.
46
 Further calcination of the Mo@C-2 sample in air leads to oxidation 
 














Figure 4.9 XPS spectra of C 1s, Mo 3d and O 1s for (a) Mo@C-1, (b) Mo@C-2, and (c) Mo@C-
3; the BEs indicated in the Mo 3d spectra are only for the branch of Mo 3d5/2. 
of MoO2 and Mo2C to -MoO3 (3d5/2 = 232.8 eV) with only a small amount of Mo
5+
 
(3d5/2 = 231.4 eV) coexisting in the Mo@C-3 sample (Figure 4.9c). For each O 1s 
spectrum, the first peak at 530.6–530.7 eV is ascribed to lattice oxygen in the 
molybdenum oxides or oxygen marked with * in surface –CO*O– functional group.48 
The second peak at 532.7 eV is assigned to the oxygen in surface hydroxyl groups for 
Mo@C-1. After carbonization and/or calcination, the peak shifted to 532.1–532.0 eV 
corresponding to ether or carbonyl groups, which suggests condensation reaction 
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taking place during the thermal treatment at elevated temperatures. The last peak at 
534.7 eV for sample Mo@C-1 is attributable to the chemisorbed oxygen species 
and/or oxygen of water molecules.
42,44
 And finally, the peaks at 533.4–533.6 eV for 




To further confirm the assignment of surface functional groups, FTIR spectroscopy 
was utilized to study Mo@C microspheres (Figure 4.10). The broad band centered 
around 3392 cm
-1
 is attributed to O–H stretching vibration. The peaks at 2918, 1430, 
and 1377 cm
-1
 can be assigned to stretching and bending modes of C–H bond. The 
C=O vibration of aldehydes, ketones, carboxylic acids or esters appears at 1702 cm
-1
, 
while the C=C bond of alkenes or aromatic rings appears at 1569-1606 cm
-1
 region. 
The peaks in 1000-1300 cm
-1
 range are due to C–O stretching vibration or CH2 
wagging, while the peaks below 1000 cm
-1
 could be assigned to alkenes or aromatic 
groups.
49






Figure 4.10 FTIR spectra of Mo@C-n (n = 1, 2, and 3) microspheres. 
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The as-synthesized Mo-embedded carbonaceous spheres of Mo@C-1 sample are 
essentially nonporous, as evidenced by the nitrogen adsorption-desorption hysteresis 
loop shown in Figure 4.11a. It has been widely reported that physical and chemical 
activation of carbon materials at high temperature helps to open and widen their 
microporosity even with a conversion to mesopores.
4,39
 In present study, the as 
prepared Mo@C-1 spheres were first carbonized at 700
o
C for 4 h under a nitrogen 
flow. As can be seen from Figure 4.11b, the carbonized sample Mo@C-2 exhibits a 
combination of type I and type II physisorption isotherms.
50
 The uptake of nitrogen 
rises noticeably at low relative pressures of less than 0.1, indicating that micropores 
were present in this sample. Instead of reaching a plateau, the nitrogen uptake further 
increases with relative pressure until p/po approaches unity, which suggests that a 
substantial amount of external surface area was created in this sample. Along with this 
finding, the associated hysteresis loop signs the development of some mesoporosity. 
After oxidation in air at 300 
o
C for 3 h, which resulted in Mo@C-3 sample, the initial 
nitrogen uptake increases about 20%, indicating more micropores were generated 
(Figure 4.11c). Comparing to that of the carbonized sample, the isotherm of this 
sample is further convex to the p/po axis at high relative pressures, owing to additional 
external surface area created in this oxidation process. In order to quantitatively 
evaluate the porosity of the prepared composite spheres, Brunauer-Emmett-Teller 
(BET) equation, Harkins-Jura equation (t-plot), and Barrett-Joyner-Halenda (BJH) 
method were employed using the data of the nitrogen adsorption-desorption 
isotherms. As tabulated in Table 4.1, BET surface area of the Mo-embedded carbon 
spheres increases from 7 m
2
/g to 277 m
2
/g after carbonization in nitrogen and up to 
371 m
2
/g after calcination in air. In addition, the mesopores contribute to 24 and 36% 
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of total pore volume in the carbonized and air-treated samples, respectively. In the 
latter case (i.e., Mo@C-3), our observation is also well consistent with the literature 
report that the porosity of activated carbon can be generated by gasification of carbon 








Figure 4.11 Nitrogen adsorption-desorption isotherms at 77 K of (a) Mo@C-1, (b) Mo@C-2, and 
(c) Mo@C-3. 
Table 4.1 Porosity parameters of encapsulated carbon spheres calculated from nitrogen adsorption 
isotherms. SBET: BET surface area; Sme: mesopore surface area; Vmi: micropore volume; Vtot: total 


























Mo@C-1 7 - - - - - - 
Mo@C-2 277 52 0.123 0.163 0.040 24% 16.2 
Mo@C-3 371 104 0.147 0.231 0.084 36% 20.4 
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To have a better understanding on the carbonization process, thermogravimetric 
analysis (TGA) was further employed in this study. In Figure 4.12a, the 
carbonization/gasification of as-synthesized Mo-embedded carbonaceous spheres in 
nitrogen was studied over the 200–700oC temperature range, and in all the cases the 
weight loss below 200
o
C is generally attributed to evaporation of adsorbed water. The 
total water moisture, organics and carbon lost or burned off in this heating process is 
estimated to be about 44.5% of sample Mo@C-1, which results in generating the 
porosity, ensuring better accessibility of the encapsulated molybdenum to the Friedel-
Crafts reactants. The sample Mo@C-2 is thermally stable up to 350
o
C in air, which 
means further activation at 300
o
C generates more micropores and even mesopores 
without burning off a significant amount of carbon (Figure 4.12b). At about 475
o
C, 
the carbon phase was completely burnt out and -MoO3 phase was readily formed, 






Figure 4.12 TGA curve of (a) Mo@C-1, (b) Mo@C-2, and (c) Mo@C-3. The sample of Mo@C-1 
was heated to and stayed at 700 
o
C for 4 h (total weight loss is 55.5%) to maintain a similar 
process condition as adopted in the carbonization process (Experimental Section).   
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molybdenum trioxide -MoO3 in the sample Mo@C-3 was determined to be 42% (= 
38.2/91.2) by heating the sample up to 700
o
C in air (Figure 4.12c). The carbon 
burning temperature in this case has been delayed to about 500
o
C. It is believed that 
due to an additional heat-treatment applied in preparing Mo@C-3 at 300
o
C (Section 
4.2.1), carbon-carbon bonds in the resultant carbon matrixes are less defective which 
therefore are more resistant to oxidation and combustion in air. 
The surface properties of prepared catalysts were also examined by oil/water contact 
angle measurements. When an oil droplet touched the film, it spread onto the surface 
immediately, giving a contact angle of ~ 0
o
 for all the three samples (Figure 4.13a-c). 
The water contact angles for the Si(100) supported Mo@C-1, Mo@C-2, and Mo@C-






, respectively (Figure 4.13d-f). It suggests that the carbon 








Figure 4.13 Contact angle measurements for (a) Mo@C-1, (b) Mo@C-2, and (c) Mo@C-3 using 






Chapter 4 Preparation of Mo-Embedded Mesoporous Carbon Microsperes for Friedel-Crafts Alkylation 
76 
 
amphiphilic nature could be explained by coexistence of hydrophilic –OH groups and 
hydrophobic groups like C=C bonds, which are likely formed during carbonization 
process and related heat-treatments.
45
 It should be mentioned that the acquired 
amphiphilicity of catalysts are highly desirable for liquid phase reactions (e.g., 
Friedel-Crafts reaction in the present case), as the catalysts could be easily dispersed 
in a wider range of reaction mediums or solvents. Thus it will reduce the diffusion 
barrier for the reactants to reach the catalyst surface.  
Therefore, the catalytic activity of prepared Mo@C-n samples was investigated with 
benzylation of toluene by benzyl alcohol. The activities of the studied catalysts are 
reported in Figure 4.14a. As can be seen, 100% conversion of benzyl alcohol could be 
achieved after 1 h reaction at 110 
o
C with Mo@C-3 catalyst. In comparison, the 
Mo@C-1 and Mo@C-2 catalysts give less than 10% conversion of benzyl alcohol 
even after 4 h of the reaction. The detailed reaction results have been summarized in 
Table 4.2. Commercial Amberlyst-15 (a polymer based industrial solid acid catalyst) 
has been used as a reference catalyst to compare F-C alkylation activities. The result 
shows that our Mo@C-3 is comparable to commercial Amberlyst-15 catalyst. Note 
that we did not acidify our catalysts because it has been reported that sulfonated 
carbon is very active for esterification reaction.
51
 Nevertheless, Mo@C-3 is much 
more active than other metal oxides such as mesoporous Nb2O5 and nanostructured 
MoO3 including phosphate or sulfonated derivatives (Table 4.2).
52,53
 The higher 
activity of Mo@C-3 catalyst could be first attributed to highly porous shell structure 
of activated catalyst, which enables reactants to reach the active molybdenum trioxide 
nanocrystals. The nonporous Mo@C-1 sample has nearly negligible activity possibly  








Figure 4.14 (a) Conversion of benzyl alcohol in the benzylation of toluene catalyzed by Mo@C-1 
(○), Mo@C-2 (△), and Mo@C-3 (□); and (b) NH3–TPD profile of Mo@C-2 and Mo@C-3 
microspheres. 
due to inaccessible of the active sites. It should be pointed out that the Mo@C-2 
sample has reasonable high surface area of 277 m
2
/g. On the contrary, although its 
size of encapsulated molybdenum oxide is almost the same as that of the Mo@C-3, as 
revealed from the HRTEM analysis (Figure 4.5 and 4.6), the Mo@C-2 sample shows 
little catalytic activity. It has been generally established that supported -MoO3 is 
strong solid acid with both Brønsted and Lewis acid sites copresent.
52,53
 Thus the 
higher activity of Mo@C-3 nanocatalyst could be attributed to higher average 
oxidation state of Mo species comparing to the reduced form in the Mo@C-2. NH3-
TPD was carried out to further study the acidity of Mo@C-2 and Mo@C-3 
microspheres. Shown in Figure 4.14b, a broad desorption peak centered around 181 
o
C and a sharp peak at 469 
o
C were observed for Mo@C-3 catalyst. The low 
temperature peak is attributed to weak acid site, while the high temperature peak is 
associated with medium acid site. For Mo@C-2 microspheres, a similar broad peak at 
181 
o
C was observed. The high temperature peak shifted to 432 
o
C, indicating the acid 
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strength is weaker than Mo@C-3 catalyst. It should be mentioned that the peak 
intensity of Mo@C-2 is much smaller than Mo@C-3 catalysts, suggesting higher acid 
concentration in Mo@C-3 catalyst. The acid amount was determined to be 0.08 and 
0.46 mmol/g for Mo@C-2 and Mo@C-3 microspheres, respectively (Table 4.2).  

































































Activity was defined as mmol of benzyl alcohol converted per gram of catalyst per hour. 
c 
Selectivity was defined as alkylated product (p-, m-, and o- benzyl toluene) over benzyl ether. 
d 
Determined by NH3-TPD. 
e 
Data obtained from supplier. 
f 
Calculated from n-butylamine 
titration. 
g 
Weight based on MoO3 phase only, since carbon matrix is not active (refer to 
Mo@C-2). 
h
 Calculated at 1 h. 
i
 Calculated at 2 h. 
j
 Calculated at 20 min. 
k 
Calculated at 10 
min. 
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Besides its high catalytic activity, the Mo@C-3 is also robust and it can also be reused 
through regeneration (see Section 4.2.1). For example, the conversion of benzyl 
alcohol at 50 min of the third run of this Friedel-Crafts reaction was 96.5%, compared 
to 99.7% of the same reaction using a fresh Mo@C-3 catalyst (Figure 4.15). On the 
basis of the above experimental observations and findings, one important note needs 
to be taken is the molybdenum oxide phases in the carbonaceous matrixes are highly 
accessible to the reactants, either the liquid phase reactants input for the Friedel-Crafts 







Figure 4.15 Catalytic stability test of Mo@C-3 catalyst. 
The used catalyst Mo@C-3 was examined by FESEM, HRTEM, XRD and XPS 
analysis, respectively. As shown in Figure 4.16a, the spherical morphology of the 
used Mo@C-3 catalyst was almost retained after reaction with particle size of ~3 μm, 
which is similar to its fresh catalyst. Clearly, the Mo@C-3 nanocatalyst has robust 
mechanic strength and thermal stability of the porous carbon phase under present 
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reaction conditions. The HRTEM image in Figure 4.16b (also see Figure 4.17) reveals 
that the encapsulated - MoO3 nanocrystals have size of 2-7 nm, which further 
support the claim that the carbon matrixes prohibit the growth of encapsulated 
nanoparticles. As indicated earlier, the observed lattice fringe of 0.23 nm corresponds 
well to the (060) plane distance of orthorhombic -MoO3 phase.
43,54
 The XRD pattern 
further confirms the orthorhombic phase of encapsulated -MoO3 nanocrystals in the 
used Mo@C-3 catalyst and no reduction was observed (Figure 4.16c). Furthermore, 
the XPS spectrum of Mo 3d of the used Mo@C-3 catalyst is displayed in Figure 
4.16d. Comparable to the freshly prepared catalyst, the surface Mo species of used 
Mo@C-3 nanocatalyst are mainly at +6 state (Mo 3d5/2 = 232.9 eV) with minors at +5 
state (Mo 3d5/2 = 231.6 eV), which further confirms that no reduction occurred at 








Figure 4.16 (a) FESEM image, (b) HRTEM image, (c) XRD pattern, and (d) XPS spectra Mo 3d 














































































Figure 4.17 (a, b) HRTEM images of Mo@C-3 after F-C reaction; imbedded -MoO3 
nanocrystals are enclosed by dashed circles, and the inset in (c) displaces the size distribution of 
-MoO3 nanocrystals.  
4.4 Conclusions 
In summary, we have successfully prepared molybdenum dioxide (MoO2) or trioxide 
(-MoO3) embedded mesoporous carbon microspheres. The embedded MoO2 
crystals, with the size of 3 to 6 nm, are uniformly distributed within the mesoporous 
carbon matrixes. By thermal treatment in nitrogen and air, respectively, micro- and 
mesopores were generated within the carbon microspheres by gasification, leading to 
increase in specific surface area from 7 to 277 and 371 m
2
/g. The oxidation state of 
encapsulated molybdenum could be changed from +4 (MoO2) to +6 (-MoO3) with 
air at 300 
o
C, without causing loss of mesoporous carbon framework. It is noted that 
the surface of the molybdenum embedded mesoporous carbon spheres is amphiphilic 
due to coexistence of hydrophilic and hydrophobic functional groups, rendering the 
prepared catalysts easy dispersion in a wide range of reaction mediums or solvents. 
The -MoO3 embedded mesoporous carbon spheres were demonstrated to be a 
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benzyl alcohol was achieved within 1 h at reaction temperature of 110 
o
C. The 
observed high activity was attributed to the mesoporous structure of carbon 
microspheres, allowing free travelling of reactants and products between the 
embedded -MoO3 and liquid medium. The high oxidation state Mo
6+
 is responsible 
for the active sites, since the MoO2/Mo2C embedded catalyst are inactive. Along with 
its high activity, the -MoO3 embedded mesoporous carbon catalyst was also highly 
robust and could be regenerated after use. Under the current experimental settings, 
this synthetic strategy can produce catalysts in a sub-gram scale from a single reaction 
batch, which would allow new synthesis of other supported solid acids such as 
WO3@mSiO2 and H4SiW12O40@mSiO2 for a wide range of acid catalyzed reactions.  
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Targeted Synthesis of Silicomolybdic 
Acid (Keggin acid) inside Mesoporous 
Silica Hollow Spheres for Friedel-Crafts 
Alkylation 
5.1 Introduction 
In chapter 4, we have developed a wet chemistry route to encapusulate molybdenum 
dioxide nanoparticles within in-situ formed carbon support. Herein, we will extend 
this synthesis strategy to other catalyst support materials such as silica. Silica support 
is known to be thermally stable and has been widely used in industry catalytic 
process. Recently, mesoporous silica materials have received tremendous research 
interests and activities since the discovery of MCM-type of mesoporous silica in 
1990's.
1-3
 Owing to their uniform pore size, ordered pore structures, and high surface 
areas, mesoporous silica has numerous potential applications across a wide variety of 
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fields such as separation, sorption, controlled release, biosensing, and heterogeneous 
catalysis etc.
4-9
 Accordingly, many efforts have been devoted to preparing 
mesoporous silica with variations of pore structure, surface area, composition, interior 
space, and exterior morphology. For instance, incorporation of inorganic or organic 
components into the mesoporous silica structures has been persistently pursued in 
order to develop novel composite materials for drug delivery as well as catalytic 
applications.
6-9
 Through compositional modification of this type of composites or 
supports, unprecedented physicochemical properties could be attained.
4-9
 There are 
basically three strategies available to prepare inorganic or organic mesoporous silica 
composites. The first one is by co-condensation of inorganic/organic precursors with 
silica source, which could yield composite materials with homogeneous 
composition.
10
 However, there could be a limitation on the maximum amount of 
inorganic materials loaded due to lack of hydrolyzable precursors. The second method 
is through post-modification with impregnation or surface reaction, from which 
inorganic/organic materials are deposited/grafted on the surfaces of mesoporous silica 
though the uniformity could be an issue.
11
 The third approach through preinstallation 
is quite commonly used for synthesis of core-shell and yolk-shell structures,
12-16
 but 
their mesopores or interior spaces are not utilized fully as supports for inorganic and 
organic materials.  
In addition to the above functionalization, miniaturization and shape-controlled 
preparation of mesoporous silica have also attracted significant research attention.
17,18
 
In particular, hollow nanostructures have been considered in recent years as promising 
nanomaterials for a wide range of applications.
19-22
 In this regard, for example, void 
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space within mesoporous silica spheres can function as a nanoreactor for catalytic 
reaction or as a nanocontainer for controlled release application.
12,23
 Compared to 
mesoporous bulk silica, furthermore, such hollow spheres will render the thickness of 
silica shells within nanometer scale, which is highly desirable for mass transfer of 
reactants and products especially for liquid phase reactions. Due to shorter pore 
channels and thus less travelling blockage, the surface of mesopores in the shell 
structure can be utilized more efficiently when these hollow spheres are used as 
catalyst supports. Many approaches have been reported in the literature.
24-30
 For 
example, soft templates such as emulsions, vesicles, and gas bubbles have been 
employed, which generally yields hollow mesoporous silica spheres with a relatively 
wide size distribution.
24-27
 On the other hand, hard templates such as polymer beads 
with uniform sizes are also widely adopted, which gives rise to hollow mesoporous 
silica spheres with a remarkably narrow size distribution, although the templates have 
to be removed by extraction or calcinations.
28,29
 Other so-called template-free 
methods through Ostwald ripening or chemical etching to form hollow structures have 
also been developed.
12,30 
Because it is a weakly acidic oxide, silica also is very suitable to serve as a catalyst 
support for solid acids.
31
 In this work, therefore, we choose acid-catalyzed Friedel-
Crafts alkylation as a model reaction for the present investigation, as it is an important 
industry process to produce diphenyl compounds which are essential intermediates for 
pharmaceutical and fine chemical productions.
32
 Conventionally, Friedel-Crafts 
alkylation is catalyzed by homogeneous acids such as AlCl3, FeCl3, ZnCl2, and H2SO4 
that are very active, but a large amount of process wastes is also generated 
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 





 Additionally, it is very difficult to recover the catalysts from the 
reaction mixture. Hence, considerable efforts have been made to develop 
environmental benign, recyclable heterogeneous solid acid catalysts such as zeolites, 
clays, heteropoly acids, ion- exchanged polymers, sulfated metal oxide and carbon as 
well as other oxides and mixed oxides.
33-40 
Moreover, mesoporous zeolites have 
received intense research interests due to strong acidity and mesoporous structure 
which can accommodate large reactant molecules.
41-46 
  
Among the above heterogeneous catalysts, heteropoly acids are known to be very 
strong solid acids and have wide applications in catalysis.
39,47
 It is noted that acidity 
of solid heteropoly acids is even stronger than conventional solid acids such as zeolite 
X and Y.
39,47
 As bulk heteropoly acids typically have very low surface area (15 
m
2
/g), it is preferable to prepare heteropoly acids on high surface area catalyst 
supports such as mesoporous silica (i.e., MCM-41 and SBA-15).
48-55
 There are two 
strategies that have been developed to prepare silica-supported heteropoly acids. The 
first method is to impregnate mesoporous silica with heteropoly acids.
48-51
 Though it 
is simple for this outside-in process, nevertheless, pore blockage and thus less 
working surface catalyst could be a major process drawback. The second method is to 
include heteropoly acids within mesoporous silica through sol-gel synthesis, which 
can ensure homogeneous dispersion of mesoporous silica within mesoporous silica 
matrix, minimizing pore blockage.
52-55
 However, the supramolecular template in the 
latter has to be removed by either solvent extraction or thermal treatment above 400 
o
C, which may result in leaching or decomposition of heteropoly acids. It is known 
that many heteropoly acids have high solubility in polar solvents and start 
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 It is noted that silica encapsulation followed by 
thermal treatment has been utilized for controllable transformation of 
nanaparticles@silica nanostructures to achieve hollowed metal oxides, 
heterodimers/alloy nanoparticles, and highly dispersed metals/metal oxides on silica 
support for biomedical, catalytic and magnetic applications.
59-61
 To overcome the 
difficulties and dilemmas encountered in the above methods to prepare supported 
heteropolyacids, in this contribution, we have developed a preinstallation-infusion-
hydration (inside-out) method to prepare highly dispersed silicomolybdic acid 
(H4SiMo12O40) within mesoporous hollow spheres of silica (Figure 5.1). Firstly, 
discrete MoO2 nanoparticles were prepared by hydrothermal synthesis. The as-
synthesized MoO2 nanoparticles were then used as cores to form MoO2@SiO2 core-
shell spheres. Next, thermal treatment of MoO2@SiO2 core-shell spheres leads to 
oxidation and infusion of encapsulated MoO2 core nanoparticles, which results in 
highly dispersed heptamolybdate species (Mo7O24
6−
) within mesoporous silica shells 
and at the same time forming and hollowing mesoporous silica spheres. Finally, 
hydration of the as-prepared Mo
VI
@mSiO2hollow spheres generates silicomolybdic 
acid (H4SiMo12O40) which is highly dispersed within the mesoporous silica shells. 
Because this is an inside-out synthesis for catalysts, blockage in the pore entrance can 
be avoided compared to other conventional preparative methods such as metal-salt 
impregnation technique by which catalytic components are introduced to the existing 
mesopores via outside-in processes. The resultant H4SiMo12O40 @mSiO2 has been 
elucidated to be an active, robust solid acid catalyst for Friedel-Crafts alkylation.  
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Figure 5.1 Schematic of the preparation of silicomolybdic acid (H4SiMo12O40) anchored 
mesoporous silica hollow spheres (H4SiMo12O40@mSiO2). The orange and green dots represent 
surface heptamolybdate (Mo7O24
6−
) and silicomolybdic acid (H4SiMo12O40) species, respectively. 
Crystallographic structures of MoO2, Mo7O24
6-
, and H4SiMo12O40 are presented in the lower panel. 
The white, red and green spheres represent molybdenum, oxygen, and silicon atoms, respectively. 
The sky blue octahedral unit represents MoO6, and the yellow tetrahedral unit stands for SiO4.    
5.2 Experimental Section 
5.2.1 Preparation of MoO2 nanoparticles.  
Discrete MoO2 nanoparticles with sizes in the range of 2560 nm were obtained by a 
simple one-pot hydrothermal synthesis. Briefly, 150 mg of ammonium 
heptamolybdate (AHM, Merck) was dissolved in 22 mL of deionized water, followed 














TEOS + CTACl H2O 
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(PVP; K-40, Aldrich) was added to the above solution. The resulted mixture was 
stirred at room temperature for 30 min. Afterward, the solution was transferred to a 
Teflon-lined stainless steel autoclave (40 mL capacity), and hydrothermally treated in 
an electric oven at 180 
o
C for 16 h. The autoclave was then cooled under tap water, 
and dark precipitate (i.e., product MoO2 nanoparticles) was harvested by 
centrifugation and washed with ethanol-acetone cosolvent for four times. MoO2 
nanoparticles with smaller size (~ 20 nm) were synthesized by adding 1 mL 1 M HCl 
into above synthesis mixture, while other parameters remained unchanged. 
5.2.2 Preparation of MoO2@SiO2 core-shell spheres.  
The above synthesized MoO2 nanoparticles were used as cores to coat with 
mesoporous silica shells by hydrolysis and condensation of tetraethyl orthosilicate 
(TEOS, Aldrich) in water/ethanol mixed solvent by a literature method with some 
modifications.
17
 In a typical synthesis, for instance, 5, 10, 20, 30, and 40 mg of the 
MoO2 nanoparticles synthesized above was redispersed respectively in a mixed 
solvent prepared from 33 mL of deionized water and 20 mL of ethanol by sonication 
for 30 min. After that, 0.55 mL of 25% hexadecyltrimethylammonium chloride 
(CTACl, Sigma-Aldrich) and 0.2 mL of triethanoamine (TEA, Acros Organics; to 
provide a basic environment) were added to the above mixture and well stirred at 
room temperature for another 30 min, followed by a dropwise addition of 0.4 mL of 
TEOS. The resultant mixture was further stirred for 16 h at room temperature before 
separating solid dark precipitates via centrifugation. The obtained products 
(MoO2@SiO2) were washed with acetone and ethanol and dried in an oven at 80 
o
C 
overnight.    
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 
Friedel-Crafts Alkylation  
93 
 
5.2.3 Preparation of Mo
VI
@mSiO2 hollow spheres.  
The above-obtained MoO2@SiO2 core-shell precursors were calcined in an electric 
furnace with laboratory air at 550 
o
C for 6 h to remove the organic template, from 
which the gel precursor (i.e., SiO2) shells were converted into thermally stabilized 
mesoporous silica (i.e., mSiO2). At the same time, the encapsulated MoO2 cores were 
oxidized into MoO3; this process was shown with the color change from the dark 
MoO2@SiO2 precursor to white products. The obtained white products were denoted 
as Mo
VI
@mSiO2-X, where X = 10, 20, 30, and 40; the number corresponds to the 
amount (weight in mg) of MoO2 nanoparticles used in the above synthesis of 
MoO2@SiO2 core-shell nanospheres. Depending on the X value, different Mo
VI
 
species or phases were formed in this thermal oxidative conversion, which will be 
detailed in the respective parts of this article.  
5.2.4 Preparation of H4SiMo12O40@mSiO2 hollow spheres.  
The H4SiMo12O40@mSiO2 was prepared by immersing the above synthesized 
Mo
VI
@mSiO2 (e.g., 100 mg) into deionized water (e.g., 0.05 mL), followed by drying 
in laboratory air at 100 
o
C for 4 h. After this hydration treatment, the color of 
Mo
VI
@mSiO2 turned from white to yellow-green (i.e., the formation of H4SiMo12O40 
on silica). The catalysts synthesized from this process were simply named as 
H4SiMo12O40@mSiO2-X, where X = 10, 20, 30, and 40 are identical to the earlier 
denotations, although other phases might also be present in some cases apart from the 
targeted H4SiMo12O40 compound. Commercial solid acid catalysts such as Amberlyst-
15 and phosphomolybdic acid (PMA) were used as reference catalysts. 
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9%H4SiMo12O40/SBA-15 was prepared by impregnation of SBA-15 support 
(synthesized according to literature method
62
) with ammonium heptamolybdate to 
achieve 9% of Mo loading, followed by calcination at 500 
o
C for 3 h. After that 
9%Mo/SBA-15 was hydrated with deionized water and dried at 100 
o
C for 4 h to 
yield 9%H4SiMo12O40/SBA-15 (9% of Mo loading). 9%PMA/SBA-15 was prepared 
by impregnation of SBA-15 with phosphomolybdic acid (9% of Mo loading), 
followed by drying at 100 
o
C for 4 h. H4SiMo12O40@mSiO2 synthesized using 20 mg 
MoO2 nanoparticles (~ 20 nm) was denoted as H4SiMo12O40@mSiO2-20nm.  
5.2.5 Friedel-Crafts benzylation of toluene.  
Liquid phase Friedel-Crafts alkylation of toluene by benzyl alcohol was carried out in 
a 3-necked round bottom flask coupled with a reflux condenser in a temperature 
controlled oil bath. In a typical experimental run, 50 mg of catalyst was added to a 
reactant mixture of 20 mL of toluene (C7H8, Tedia) and 0.5 mL of benzyl alcohol 
(C7H8O, Merck) with a small amount (0.1 mL) of tetradecane (C14H30, Alfa Aesar) 
used as an internal standard for GC analysis. The reaction was refluxed under 
vigorous magnetic stirring at 80 
o
C for various reaction times. The concentration of 
benzyl alcohol was monitored using gas chromatography (GC, Agilent-7890A) 
equipped with a flame ion detector (FID) and a HP-5 column (30 m × 0.32 mm × 0.25 
μm). GC-mass spectrometer (GC-MS) was also employed to identify the reaction 
products. The used catalyst was regenerated by thermal treatment at 500 
o
C for 3 h in 
static laboratory air. The calcined catalyst was similarly treated with 0.025 mL of 
deionized water, followed by drying at 100 
o
C for 4 h. 
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5.2.6 Materials characterization.  
The crystallographic structure of the solid samples was investigated using powder X-
ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 Å) at a 
scanning rate of 1 
o
/min. The dimension, morphology, and chemical composition of 
the samples were examined using field emission scanning electron microscopy and 
energy dispersive X-ray spectroscopy (FESEM/EDX, JSM-6700F), transmission 
electron microscopy (TEM, JEM-2010, 200 kV), and high resolution transmission 
electron microscopy (HRTEM/EDX, JEM-2100F, 200 kV). The texture properties of 
the samples were studied by measuring nitrogen adsorption- desorption isotherms 
(Quantachrome NOVA-3000 system) at 77 K. Prior to measurements, the samples 
were degassed at 300 
o
C overnight. The specific surface areas of the samples were 
determined using Brunauer-Emmett-Teller (BET) method. The total pore volume was 
estimated at relative pressure from 0.928 to 0.936 of desorption curve. The pore size 
distribution was modeled using nonlocal density function theory (NLDFT) from 
adsorption curve.
63
 Surface composition of the samples was investigated with X-ray 
photoelectron spectroscopy (XPS, AXIS-Hsi, Kratos Analytical) using a 
monochromatized Al Kα exciting radiation (hν = 1486.71 eV). The XPS spectra of all 
studied elements were measured with a constant analyzer-pass-energy of 40.0 eV. All 
binding energies (BEs) were referenced to the Si 2p peak (BE = 103.3 eV) from 
mesoporous silica phase. Chemical bonding information of the samples was acquired 
with Fourier transform infrared spectroscopy (FTIR, Bio-Rad FTS-135) using the 
potassium bromide (KBr) pellet technique. Furthermore, micro-Raman spectra were 
recorded with the 488 nm line of an Ar
+
 laser excitation using a Jobin Yvon-T64000 
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micro-Raman system. The acidity of solid acid catalysts was determined by titration 
method.
64
 Typically, 0.2 g of solid catalyst was mixed with 10 mL 3.42 M NaCl 
solution and stirred at room temperature for 30 h. After that, the mixture was 
centrifuged and the filtrate was titrated by 0.05 M NaOH solution. The equivalence 
point on the titration curve was used to calculate the acidity. 
29
Si MAS spectrum was 
obtained at 79.49 MHZ on a Bruker Advance 400 (DRX400) spectrometer. Sample 
was spun at a frequency of 8 KHz in Bruker 4 mm double-air-bearing CPMAS probe.  
5.3 Results and Discussion  
Freestanding MoO2 nanoparticles were firstly synthesized by a hydrothermal route 
using PVP as capping agent in a water-ethanol cosolvent, as shown in Figure 5.2. The 
size distribution of MoO2 nanoparticles was determined to be of 25 to 60 nm (inset, 
Figure 5.2a). This synthetic route is effective and flexible. For example, to scale up 
the product of MoO2 nanoparticles, the amount of ammonium heptamolybdate 
precursor could be simply increased from 150 mg (the standard amount reported in 
Section 4.2.1) to 200 mg or even 300 mg, without causing obvious changes of size 
and product morphology (Figure 5.3). The synthesis parameters such as amount of 
ammonium heptamolybdate, PVP, and HCl have been systematically explored in 
order to optimize the synthesis conditions (Figure 5.4-5.6). Before used as cores for 
depositing silica shells, the as-prepared MoO2 nanoparticles were washed with 
ethanolacetone mixed solvent to remove excess of capping agent PVP. The 
deposition of silica shell on the MoO2 core was carried out in waterethanol cosolvent 
at room temperature, together with the surfactant CTACl. The water/ethanol ratio in 
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Figure 5.2 TEM images of (a) MoO2 nanoparticles, the inset shows the size distribution of MoO2 
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Figure 5.3 (a,b) TEM images of MoO2 nanoparticles synthesized with 200 mg ammonium 
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Figure 5.4 (a,b) TEM images of MoO2 nanoparticles synthesized with 100 mg of ammonium 
heptamolybdate, (c,d) TEM images of MoO2 nanoparticles synthesized with 50 mg of ammonium 
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Figure 5.5 (a,b) TEM images of MoO2 nanoparticles synthesized with 300 mg of PVP, (c,d) TEM 
images of MoO2 nanoparticles synthesized with 1 g of PVP, and the inset shows the size 
distribution of MoO2 nanoparticles based on 100 nanoparticles. 
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Figure 5.6 (a,b) TEM images of MoO2 nanoparticles synthesized with 0.1 ml 1 M HCl, the inset 
shows the size distribution of MoO2 nanoparticles based on 100 nanoparticles, and (c,d) TEM 
images of MoO2 nanoparticles synthesized with 1 ml 1 M HCl. 
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Figure 5.7 Synthesis conditions for preparing MoO2@mSiO2 core-shell nanospheres of (a) 20 mg 
MoO2 nanospheres + 30 ml water + 24 ml ethanol + 0.55 ml 25% CTACl + 0.2 ml TEA 
(H2O:EtOH = 1.25), (b) 20 mg MoO2 nanospheres + 30 ml water + 20 ml ethanol + 0.55 ml 25% 
CTACl + 0.2 ml TEA (H2O:EtOH = 1.5), (c) 20 mg MoO2 nanospheres + 33 ml water + 20 ml 
ethanol + 0.55 ml 25% CTACl + 0.2 ml TEA (H2O:EtOH = 1.65), and (d) 20 mg MoO2 
nanospheres + 40 ml water + 20 ml ethanol + 0.55 ml 25% CTACl + 0.2 ml TEA (H2O:EtOH = 
2).  
this cosolvent system turned out to be an important synthetic parameter to form 
uniform silica shells. In optimizing this volume ratio, the water/ethanol volume ratio 
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When the water/ethanol ratio was fixed at 1.25, the obtained MoO2@SiO2 core-shell 
nanospheres aggregated together. By increasing the water/ethanol ratio to 1.50, the 
dispersion of MoO2@SiO2 was improved significantly (Figure 5.7a-b). At the volume 
ratio of water/ethanol = 1.65, most of the core-shell spheres consisted of only one 
MoO2 nanoparticle, though the spheres with two or three cores are also found 
occasionally. Further increasing this ratio to 2.0 resulted in coreless silica gel spheres 
(Figure 5.7c-d). It is clear that the hydrolysis rate of TEOS was increased 
substantially when more water was used, leading to fast generation of silica nuclei. In 
such a case, some silica nuclei were still deposited onto the surface of MoO2 spheres 
to form silica shells, while others simply aggregated into larger clusters and 
eventually precipitated out as the coreless pure silica. By optimizing the water/ethanol 
ratio in the range of 1.501.65, uniform silica shells could be successfully coated onto 
the MoO2 nanoparticles, as reported in Figure 5.2b for a large scale panoramic view 
of the MoO2@SiO2. Under higher magnifications, in Figure 5.2c-d, the core-shell 
spheres as well as the mesoporous nature of silica shells become more obvious; the 
thickness of the silica shell is estimated to be around 50 nm (Figure 5.2d). 
After a thermal treatment in static laboratory air at 550
o
C for 6 h, the included CTACl 
was burned off. Rather unexpectedly, hollow cavities were generated within the 
mesoporous spheres, as displayed in Figure 5.8a-b. The encapsulated MoO2 core 
spheres shrunk to less than 10 nm or even not observable in most spheres (Figure 
5.8c-d). The inset in Figure 5.8d gives the HRTEM image of a tiny molybdenum 
oxide crystal left within the hollow cavity. The spacing of 0.34 nm is assigned to the 
lattice fringe of (040) plane of orthorhombic -MoO3 crystal structure (JCPDS card  
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no. 05-0508, space group: Pbnm, ao = 3.962 Å, bo = 13.85 Å, and co = 3.697 Å). 
Therefore, it is believed that the previously encapsulated MoO2 nanoparticles were 
oxidized to Mo
VI
 species (e.g., MoO3 phase) and then infused into the mesopores 
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EDX mapping was performed on individual Mo
VI
@mSiO2 hollow spheres (Figure 
5.8e-g) as well as on a large group of such hollow spheres (Figure 5.9). On the basis 
of this investigation, it is confirmed that highly dispersed molybdenum (Mo
VI
) species 
(which will also be detailed shortly) have been located inside the silica spheres. 
Arising from this metal loading process, moreover, the center of mesoporous silica 
spheres was also vacated. Such a hollow configuration is highly desirable for fast 








Figure 5.9 EDX mapping of a group of Mo
VI
@mSiO2 hollow spheres: (a) Si, the inset shows the 
TEM image of the hollow spheres (b) Mo, and (c) O.  
Shown in Figure 5.10a, crystallographic structures of MoO2 (core) nanoparticles, 
MoO2@SiO2 core-shell spheres, and Mo
VI
@mSiO2 hollow spheres were further 
characterized by powder XRD technique. The crystalline phase of the oxide core 
nanoparticles can be assigned perfectly to monoclinic MoO2 (JCPDS card no. 32-
0671, space group: P21/n, ao = 5.606 Å, bo = 4.859 Å, and co = 5.537 Å). The XRD 
peaks become much weaker in the MoO2@SiO2 sample due to a low relative 
population of MoO2 in this core-shell composite and possible etching of MoO2 by the 
a) b) c) 
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alkaline (TEA) during the formation of silica shells. After calcination in air at 550
o
C 
for 6 h, no diffraction peaks of the resultant Mo
VI
@mSiO2 sample are detectable, 
since the total amount of MoO3 residue is too small to be detected by the XRD 
technique (Figure 5.8d versus Figure 5.10a.iii). As mentioned earlier, it is believed 
that the major part of the oxidized molybdenum oxide was infused into the 
mesoporous shells at 550 
o
C. To prove this, XPS analysis was further employed in 
this study. Figure 5.10b-d gives the XPS spectrum of Mo 3d, Si 2p and O 1s 
photoelectrons of Mo
VI
@mSiO2 hollow spheres. Deconvoluted Mo 3d doublet peaks 
suggest that molybdenum is solely in the state of Mo
6+
 (Mo 3d5/2 = 232.6 eV).
65,66
 The 
textural properties of the Mo
VI
@mSiO2 sample was studied by nitrogen adsorption-
desorption at 77 K, as shown in Figure 5.10e. The Mo
VI
@mSiO2 hollow spheres 
exhibit a type IV isotherm, which is typical for mesoporous silica synthesized with 
CTAB or CTACl as a surfactant. The corresponding hysteresis loop is type H4, which 





Indeed, the average pore size is very uniform and centered at around 2.6 nm, based on 
a NLDFT analysis with the data of adsorption branch. Figure 5.10f gives a large scale 
view of the Mo
VI
@mSiO2 product. The spheres are nearly monodisperse, and the 
average size of these hollow spheres is only around 100 nm. Therefore, the versatility 
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Figure 5.10 (a) XRD patterns of (i) MoO2 nanoparticles, (ii) MoO2@mSiO2-20 core-shell 
nanospheres, and (iii) Mo
VI
@mSiO2 hollow spheres (b) XPS Mo 3d spectrum, (c) XPS Si 2p 
spectrum, (d) XPS O 1s spectrum (e) Nitrogen adsorption-desorption isotherm and pore size 
distribution curve, and (f) FESEM image of Mo
VI
@mSiO2-20 hollow spheres. 
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Furthermore, the molybdenum loading could also be tuned facilely. In Figure 5.11a-c, 
with the weight of MoO2 cores changed from 10 to 30 or 40 mg, the average size of 
the product MoO2@SiO2 nanospheres reduced from about 150 to 100 nm. This is 
understandable because less TEOS will be available for each MoO2 nanoparticle 
when more MoO2 cores are added but the supply of TEOS is kept constant. Consistent 
with this result, the thickness of the mesoporous silica shells was also reducedfrom 
about 60 to 40 nm in Figure 5.11d-f. After calcination, the overall size of the silica 
spheres remained unchanged exhibiting the stability of silica shells. In the sample of 
Mo
VI
@mSiO2-10, for example, the initial MoO2 cores disappeared in almost all the 
spheres (Figure 5.11d).  
However, for the sample of Mo
VI
@mSiO2-30, the core component is still observable 
for some spheres under the same heat-treatment (Figure 5.11e) because more MoO2 
cores were included. The pore structures of the two samples were quite similar 
(Figure 5.11d-e). On the contrary, the pores of the sample Mo
VI
@mSiO2-40 seem to 
be expanded substantially (Figure 5.11f). Although there were no observable core 
oxide (MoO3) particles within the hollow spheres, large MoO3 nanorods were also 
found outside the silica spheres (inset, Figure 5.11c). In this case, the silica shell was 
thinner but the initial molybdenum loading was higher (i.e., 40 mg). It is thus possible 
for the encapsulated molybdenum oxide to diffuse out of silica shells. Once the 
spontaneous nucleation occurred outside the silica spheres, forming 
thermodynamically stable monocrystalline MoO3 nanorods became a viable option for 
Mo relocation (at 550 
o
C for 6 h). Of course, certain MoO3 residue inside the spheres 
was still expected (which will be addressed shortly). In Figure 5.11g-i, the texture  
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@mSiO2–30, and (f) Mo
VI
@mSiO2–40; Nitrogen adsorption-





30, and (i) Mo
VI
@mSiO2–40 hollow spheres. 
properties of these Mo
VI
@mSiO2 hollow spheres are also reported. All the 
mesoporous samples exhibit type IV isotherms which can be associated with type H4 
hysteresis loops (including the results of Figure 5.10e).
67
 From Table 5.1, it is noted 
that the pore diameter remains as 2.72.8 nm at lower Mo loadings of 611%, which 
increases drastically to 5.9 nm at the higher Mo loading of 16%. Accordingly, the 
BET surface area dropped from 872 to 212 m
2
/g. The significant change in pore size 
200 nm 
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and surface area in the above sample series seemingly suggests increasing interactions 
between molybdenum and silica matrix, which will be addressed below.  
Table 5.1 Physical properties of the Mo
VI
@mSiO2-X (X = 10, 20, 30, and 40) hollow spheres with 
different Mo contents. 
Catalyst 
Mo content  
(wt %; EDX) 










@mSiO2-10 6 872 0.52 2.8 
Mo
VI
@mSiO2-20 9 716 0.43 2.6 
Mo
VI
@mSiO2-30 11 531 0.35 2.7 
Mo
VI
@mSiO2-40 16 212 0.32 5.9 
Reported in Figure 5.12a, the small angle XRD patterns of Mo
VI
@mSiO2 hollow 
spheres show a broad peak around 2θ = 1.4o, which is associated with mesoporous 
silica having wormlike pore structures.
17
 The crystallographic structure of the 
Mo
VI
@mSiO2-X hollow spheres was further investigated by wide angle XRD method 





@mSiO2-30 hollow spheres do not display any diffraction 
peaks of the MoO3 phase, thus suggesting that either the resultant MoO3 clusters 
might be too small to be detected or there were other molecular Mo
VI
 species 
anchored within the hollow spheres. On the contrary, very sharp diffraction peaks 
appearing at 2 = 12.7o, 25.7o and 39.1o are observed in the sample of MoVI@mSiO2-
40; they correspond well to (020), (040), and (060) diffractions of orthorhombic -
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MoO3 phase (JCPDS card no. 05-0508, space group: Pbnm, ao = 3.962 Å, bo = 13.85 
Å, and co = 3.697 Å). As revealed earlier, this is because the formation of large -















@mSiO2-30, and (iv) Mo
VI





@mSiO2-30, and (iii) Mo
VI
@mSiO2-40 hollow spheres. 
The above Mo
VI
@mSiO2-X samples were hydrated with deionized water to 
synthesize the H4SiMo12O40 (silicomolybdic acid) inside the porous spheres. Both the 
resultant H4SiMo12O40@ mSiO2 and its precursor Mo
VI
@mSiO2 were then tested as 
solid acid catalysts for Friedel-Crafts alkylation of toluene with benzyl alcohol 
(Figure 5.13a-b, and Table 5.2). Together, commercial solid acids such as Amberlyst-
15, PMA, and PMA/SBA-15 were also used as benchmark catalysts in this evaluation 
(Table 5.2 and Figure 5.14). Among all the catalysts in Figure 5.13a, the 
H4SiMo12O40@mSiO2-20 was the most active, through which 94.7 and 99.7% of the 
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Figure 5.13 (a) Conversion of benzyl alcohol in the F-C alkylation with Mo
VI
@mSiO2-20 
(circle), Amberlyst-15 (square), H4SiMo12O40@mSiO2-10 (star), H4SiMo12O40@mSiO2-20 
(triangle), and H4SiMo12O40@mSiO2-30 (triangle, upside down). For Mo
VI
@mSiO2-20 catalyst, 
the reaction was repeated twice. The rest reactions were all repeated 3 times. The error bar stands 
for the standard error the three experiments, (b) Comparison of catalytic activities of 
H4SiMo12O40@mSiO2-X (X=10, 20, 30 and 40), (c) IR spectra of Mo
VI
@mSiO2-20 and 
H4SiMo12O40@mSiO2-X (X=10, 20, 30 and 40) hollow spheres, and pure silica and α-MoO3 used 
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156 0.20 7.9 24:3:31:42 10.3 52 202 
Amberlyst-15 45
 
3.50 15.3 18:2:23:57 25.7 8 270 
9%H4SiMo12O40 
/SBA-15 






23.4 33:4:32:31 24.6 9 N. D. 
9%PMA 
/SBA-15 
653 0.26 70.9 33:4:36:27 70.7 272 1430 
Notes: aReaction conditions: toluene (20.0 mL), benzyl alcohol (0.5 mL), catalyst (50 mg), 80 °C. 
b
Determined by titration method (see Experimental Section). 
c
Yield was defined as alkylated 
products (p-, m-, and o-benzyl toluene) over initial benzyl alcohol at reaction time of 80 min. 
d
Selectivity was defined as ratio of o-benzyl toluene:m-benzyl toluene:p-benzyl toluene:benzyl 
ether at reaction time of 80 min. 
e
Activity was defined as mmol of benzyl alcohol converted per 
gram of catalyst per hour at reaction time of 80 min. 
f
TOF was defined as number of benzyl 
alcohol molecules converted per acid site per hour at reaction time of 80 min. 
g
TON (total number 
of benzyl alcohol molecules converted per acid site over a reaction period of 16 h) was determined 
by using the following reaction conditions: toluene (20.0 mL), benzyl alcohol (2.0 mL), catalyst 
(10 mg), 80 °C, 16 h. 
h
Calculated from molecular formula H3PMo12O40. 
i
7 mg of PMA was used 
for Friedel−Crafts alkylation. N.D. - not determined. 
initial benzyl alcohol was converted to methyl diphenylmethanes (1-methyl-2-
(phenylmethyl) benzene, 1-methyl-3-(phenylmethyl)benzene, 1-methyl-4-
(phenylmethyl)benzene), and dibenzyl ether (1,1'-[oxybis(methylene)]bis-benzene, as 
a side product) at 80 and 120 min of the reaction (products identified by GC-MS). It is 
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noted that the selectivity of methyl diphenylmethanes in the total reaction products 
(methyl diphenylmethanes + dibenzyl ether) was 74 and 82% at 80 and 120 min, 
respectively, which was further increased to 88% by prolonging the reaction to 180 
min, indicating that dibenzyl ether can function as an alkylation agent as well. In 
comparison, the conversion of benzyl alcohol was 35.5 and 64.4% at 80 and 120 min 
accordingly using the commercial catalyst Amberlyst-15, that is the conversion % by 
H4SiMo12O40@mSiO2-20 is about 2.6 times as high as that by Amberlyst-15. It should 
be pointed out that Amberlyst-15 is one of the best solid acid catalysts for benzylation 
of toluene. Further, H4SiMo12O40@mSiO2-20 even has a comparable activity as 
commercial phosphomolybdic acid (H3PMo12O40) supported on SBA-15 
(9%PMA/SBA-15), with yields of alkylation products as 69.0% and 70.9%, 
respectively (Table 5.2). It is known that the acid strength of H3PMo12O40 is higher 
than H4SiMo12O40,
39
 thus the comparable activity could be due to better dispersion of 
H4SiMo12O40 within mesoporous silica spheres using this inside-out strategy. As an 
additional evidence, 9%H4SiMo12O40/SBA-15 prepared by impregnation achieved 
44.6% yield of alkylation products at 80 min of reaction. The H4SiMo12O40@mSiO2-
10 catalyst, which had a lower Mo content, was also tested for the same alkylation 
reaction. About 53.2% conversion of benzyl alcohol was measured at 80 min, which 
is only one half of that of the H4SiMo12O40@mSiO2-20. Nevertheless, it is still more 
active than Amberlyst-15, confirming again the superior activity of 
H4SiMo12O40@mSiO2 toward Friedel-Crafts alkylation. The observed activity could 
be attributed to silicomolybdic acid formed after hydration, which is known as a 
strong heteropoly acid. As additional evidence, less than 5% conversion of benzyl 
alcohol was recorded for the non-hydrated Mo
VI
@mSiO2-20 catalyst (Figure 5.13a). 
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The effect of the Mo loading on the catalytic activity is also compared in Figure 
5.13b. The H4SiMo12O40@mSiO2-20 is the most active catalyst based on weight of 
Mo or total catalyst, but a lower catalytic activity is observed in the 
H4SiMo12O40@mSiO2-10 since it has a lower content of Mo and less silicomolybdic 
acid is generated. Although the H4SiMo12O40@mSiO2-40 sample has the highest 
content of Mo, as explained earlier, a substantial amount of its molybdenum existed in 
the form of MoO3 nanorods; the separated nanorods are apparently not as active as 
silicomolybdic acid. Furthermore, particle size of MoO2 nanoparticles used in the 
synthesis seems having negligible effect on the catalytic activity of the final catalyst, 
as H4SiMo12O40@mSiO2-20nm shows similar conversion of benzyl alcohol as 






Figure 5.14 (a) Conversion of benzyl alcohol in Friedel-Crafts alkylation with commercial solid 
acid catalyst phosphomolybdic acid (PMA, square), 9%H4SiMo12O40/SBA-15 (circle), 
9%PMA/SBA-15 (triangle), and H4SiMo12O40@mSiO2-20nm (star); and (b) Comparison of 
catalytic activities (at 80 min of reaction) of PMA, 9%PMA/SBA-15, 9%H4SiMo12O40/SBA-15, 
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Figure 5.15 TEM images of H4SiMo12O40@mSiO2-20 hollow spheres. 
Fourier-transform infrared spectra of H4SiMo12O40@mSiO2 and Mo
VI
@mSiO2 
catalysts are presented in Figure 5.13c, where pure silica is also used as reference 
material. There are four IR bands observed for silica matrix. Bands at 10501250 (not 
shown, but similar to those in Figure 5.22b), 802, and 470 cm
1
 could be assigned to 
asymmetric stretching, symmetric stretching, and bending modes of SiOSi 
linkages. The absorption peak at 968 cm
1
 is due to stretching vibration of SiOH 
bond in silica.
68
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broad band at 957 cm
1
 was observed in the H4SiMo12O40@mSiO2-20 hollow spheres, 
which was attributed to terminal Mo=O vibration of surface polymeric molybdate 
phase.
69
 On the other hand, a weak peak at 910 cm
1
 could be assigned to Mo–O–Si 
vibration, which indicates strong chemical interaction between surface polymeric 
molybdate species and mesoporous silica shells.
69
  
After hydration treatment, the two peaks at 957 and 910 cm
1
 became much more 
prominent, which was due to the formation of silicomolybdic acid,
57
 especially in the 
samples of H4SiMo12O40@mSiO2-20 and H4SiMo12O40@mSiO2-30. It has been 
known that silicomolybdic acid can be generated by exposing silica-supported 
molybdenum oxide with moisture.
58
 On the basis of this IR study, we verify that the 
silicomolybdic acid was synthesized in all our H4SiMo12O40@mSiO2 samples. 
Indirectly, we also validate the Mo
VI
@mSiO2 precursor proposed earlier, although the 
MoO3 phase was not detectable by XRD. 
It is noted that the morphology of hydrated hollow spheres remains essentially the 
same after the hydration, as shown in Figure 5.13d and 5.15, noting that the 
molybdenum oxide species was transformed to silicomolybdic acid in this process. 
The structure of the hydrated samples was investigated by XRD method. The 
diffraction pattern is still amorphous (Figure 5.16a), suggesting that either the 
molybdenum content is too low to be detected or the product H4SiMo12O40 is non-
crystalline. As a comparison, H4SiMo12O40@mSiO2 shows diffraction peaks of α-
MoO3 (Figure 5.16b). Thus, the surface composition of H4SiMo12O40@mSiO2 was  
 
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 





















Figure 5.17 XPS spectra of H4SiMo12O40@mSiO2-20 hollow spheres: (a) Si 2p, (b) Mo 3d, and 
(c) O 1s.  
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also analyzed by XPS. Once again, the Mo 3d doublet peaks at 232.4 and 235.5 eV 
could be assigned solely to Mo
6+
 state  (Figure 5.17), indicating that the oxidation 
state of molybdenum remained unchanged after the hydration. For O 1s spectrum, the 
first peak at 530.6 eV is due to lattice oxygen in the molybdenum oxide or silica. The 
second peak at 532.5 eV is assigned to the oxygen in surface hydroxyl groups. The 
last peak at 533.6 eV is ascribed to chemisorbed oxygen species and/or oxygen of 
water molecules. After hydration, BET surface area decreased by 171-56 m
2
/g for 












Figure 5.18 N2 adsorption-desorption isotherms and pore size distribution curves of (a) 
H4SiMo12O40@mSiO2-10, (b) H4SiMo12O40@mSiO2-20, (c) H4SiMo12O40@mSiO2-30, and (d) 
H4SiMo12O40@mSiO2-40 hollow spheres. 
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In order to obtain better confirmation on the presence of H4SiMo12O40, Raman 
spectroscopic investigation was also conducted, because Raman spectroscopy is a 
sensitive technique to study supported metal oxide and it is complementary to IR 
investigation. The Raman spectra of the Mo
VI
@mSiO2 and its derived 
H4SiMo12O40@mSiO2 hollow spheres are displayed in Figure 5.19, with reference to 
those of pure mesoporous silica and commercial α-MoO3 (Figure 5.20). For pure 
mesoporous silica, the peak at 984 cm
1
 is attributed to stretching vibration of SiOH 
bond and the peak at 821 cm
1
 to SiOSi linkages, while the two peaks at 648 and 
487 cm
1
 are assigned to the presence of siloxane rings (Figure 5.20).
70
 Indeed, apart 
from the 488 cm
1
 peak, there are four new peaks observed for the Mo
VI
@mSiO2-20 




 The peaks at 952 and 878 cm
1
 are due to symmetric and asymmetric stretching of 
the terminal Mo=O bond, while the peaks at 374 and 223 cm
1
 are attributable to 
bending vibration of terminal Mo=O and deformation of MoOMo, respectively.65 It 
is noted that no peaks corresponding to the MoO3 phase were observed, which 
indicates that the present thermal infusion method is effective to prepare highly 
dispersed molybdenum oxide within the mesoporous silica spheres. After the 
hydration of Mo
VI
@mSiO2 with water, more Raman peaks appeared due to 
restructuring of surface heptamolybdate species. The peaks at 998999, 977981, 
910913, 789, 645, and 247 cm1 can be unambiguously assigned to silicomolybdic 
acid, though it is still difficult to differentiate between the α and β forms of this solid 
acid (Figure 5.19b-c).
58,72
 In addition to those of silicomolybdic acid, the peaks at 
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Figure 5.19 Raman spectra of (a) Mo
VI
@mSiO2-20, (b) H4SiMo12O40@mSiO2-10, (c) 
H4SiMo12O40@mSiO2-20, and (d) H4SiMo12O40@mSiO2-30 hollow spheres.  
818, 367 and 214217, and 155 cm1 are also observed; these peaks could be 
attributed to the presence of the α-MoO3 phase. Quite clearly, water could also 
facilitate the crystallization of surface heptamolybdate species to small α-MoO3 
clusters, which probably took place during the drying process (100
o
C). The above 
observation is also consistent with our FTIR findings, revealing that silicomolybdic 
acid is responsible for the high activity observed for the Friedel-Crafts alkylation. The 
higher activity of H4SiMo12O40@mSiO2-20 over H4SiMo12O40@mSiO2-10 is simply 
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because this catalyst has a higher loading of Mo, which leads to a higher 
concentration of active silicomolybdic acid. Note that the Raman peak intensity of the 
H4SiMo12O40@mSiO2-20 is also stronger (Figure 5.19c versus Figure 5.19b). For the 
H4SiMo12O40 @mSiO2-30 catalyst, however, only three peaks at 984, 655, and 245 
cm
1
 are observed corresponding to silicomolybdic acid (Figure 5.19d). Peaks at 
1002, 282, 155, and 130 cm
1
 are attributed to α-MoO3 phase, whilst much sharper 
peaks at 903, 849, 775, 418, 353, and 312 cm
1
 could be assigned to β-MoO3 
phase.
71,73
 It is known that β-MoO3 is only metastable,
74
 while the α-MoO3 is more 
stable at high temperature.
75,76
 Because H4SiMo12O40@mSiO2-30 sample has a higher 
loading of molybdenum oxide compared to H4SiMo12O40@mSiO2-10 and 
H4SiMo12O40 @mSiO2-20, the drying at 100
o
C for 4 h might not be sufficient to 
convert a larger amount of surface heptamolybdate species to the more stable α-MoO3 
phase. As a result, there is a mixture of both α- and β-MoO3 phases in this sample. 
Though it has a higher Mo loading (11% Mo), the concentration of silicomolybdic 
acid in the H4SiMo12O40@mSiO2-30 is likely to be about that of the H4SiMo12O40@ 
mSiO2-20, judging from relative intensities among the three phases (β-MoO3 > α-
MoO3 > H4SiMo12O40) in Figure 5.19d. Therefore, both samples exhibit very 
comparable activities (Figure 5.13b). Further increase in molybdenum content leads to 
the result of α-MoO3 as a major phase (Figure 5.20) and the silicomolybdic acid peaks 
were no longer observable in Raman spectra, possibly being masked by strong peaks 
of α-MoO3, although our IR study clearly indicates the presence of siliconmolybdic 
acid (Figure 5.13c) in the sample of H4SiMo12O40@mSiO2-40. Further, 
29
Si MAS 
NMR was carried out to characterize H4SiMo12O40@mSiO2-20 hollow spheres, as 
shown in Figure 5.21. At -76.5 ppm, a tiny peak slightly above the background was 
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observed, which can be assigned to H4SiMo12O40 if it is truly a peak.
77
 It is noted that 
supported silicomolybdic acid or silicotungstic was not detected by 
29
Si NMR due to 
low concentration, though Raman spectra suggests the existence of heteropoly 
acids.
77,78
     












Figure 5.20  Raman spectra of (a) pure mesoporous silica synthesized according to literature 
method,
17
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Si MAS spectrum of H4SiMo12O40@mSiO2-20.
 
 
The catalytic stability of H4SiMo12O40@mSiO2-X has also been examined by 
recycling and regenerating used catalysts. In particular, in view of its good 
performance, the H4SiMo12O40@ mSiO2-20 catalyst was chosen for this study. As 
shown in Figure 5.22a, the conversion of benzyl alcohol of the first run at 1 h was 
77%, which it dropped to 68% in the second run and became quite steady in the 
following cycles (e.g., the conversion at the 6
th
 run: 64%). Meanwhile, the selectivity 
of methyl diphenylmethanes over dibenzyl ether from the side reaction remained at 
ca. 66% for all the 6 runs. It should be mentioned that the regeneration of used 
catalyst is essential to keep the high activity and selectivity. Without the regeneration, 
the catalyst was deactivated after 3 runs (Figure 5.23), which is in accordance with 
TON determined for H4SiMo12O40@mSiO2-20 (TON = 486, Table 2). The 
regeneration was carried out by thermal treatment of used catalyst at 500
o
C in order to 
burn off any adsorbed organics, most likely the methyl diphenylmethanes. Shown in 
Figure 5.22b, the fresh, used, calcined, and regenerated catalysts were characterized 
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by IR spectroscopy. For the fresh H4SiMo12O40@mSiO2-20, the peak at 1627 cm
1
 
could be assigned to adsorbed water and the peak at 3451 cm
-1
 could be assigned to 
adsorbed water or surface OH group. The bands at 10501250, 802, and 470 cm1 
are attributed to silica matrix, as assigned earlier.
79
 The two peaks at 956 and 910 cm
-1
 
could be assigned to surface siliconmolybdic acid as mentioned in Figure 5.13c. After 
the reaction, there are some new peaks observed on the used catalyst. Peaks at 3062 
and 3026 cm
1
 are attributed to CH stretch of aromatic compounds, while peaks at 
2920 and 2850 cm
1
 could be assigned to asymmetric and symmetric stretch of 
CH2 (where the peak at 2920 cm
1
 could be due to CH3 attached to aromatics as 
well),
79
 which suggests that the used catalyst was adsorbed with alkylation products 
(i.e., methyl diphenylmethanes) and/or dibenzyl ether from the side reaction. 
Consistent with the above observations, peaks at 1513, 1493, and 1454 cm
1
 can be 
assigned to carboncarbon ring stretch, though the peak at 1454 could be due to 
scissoring of CH2. The three small peaks at 743, 726, and 698 cm
1
 of the far-IR 
range are due to wag of aromatic CH.79 It is noted that the asymmetric stretch of C
OC at ~1100 cm1 could be well masked by the broad SiO2 band at 10501250 cm
1
. 
After the thermal treatment of the used catalyst at 500 
o
C, the adsorbed organic 
compounds were removed, as the peaks due to CH or CH2 all disappeared. In 
addition, the peak at 910 cm
1
 was also significantly weakened, possibly due to 
decomposition of surface silicomolybdic acid, as it is not stable above 400 
o
C. After 
the hydration treatment, this heteropoly acid was restored as evidenced in the re-
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Figure 5.22 (a) Catalytic stability of hydrated H4SiMo12O40@mSiO2-20 catalyst was presented 
with both conversion of benzyl alcohol and selectivity of alkylation products over side product 
benzyl ether, and (b) FTIR spectra of H4SiMo12O40@mSiO2-20 before and after reaction, 
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5.4 Conclusions  
In summary, we have developed a facile hydrothermal method to prepare free-
standing MoO2 nanoparticles with sizes in the range of 25 to 60 nm, which were then 
used as cores to be coated with a uniform CTACl-templated silica shell. By varying 
the amount of MoO2 cores used, the diameter of MoO2@SiO2 core-shell spheres 
could be tuned from 100 to 150 nm. After thermal treatment of as-prepared 
MoO2@SiO2 at 550 
o
C in air, the templating molecules (CTACl) were burned off and 
mesoporous Mo
VI
@mSiO2 products were generated, which have a specific surface 
area from 212 to 872 m
2
/g and pore-size distribution from 5.8 to 2.6 nm depending on 
the initial MoO2 cores used in the synthesis. During the same process, the 
encapsulated MoO2 nanocrystals were oxidized to Mo
VI
 and diffused outwards to 
mesoporous silica shells, leaving a void space at the center of mesoporous silica 
spheres. The oxidized molybdenum existed as heptamolybdate species (Mo7O24
6
) on 
the silica mesopore surface, which was later transformed into silicomolybdic acid 
(H4SiMo12O40) by interaction with silica shells in the presence of water. It was noted 
that apart from heteropoly acid H4SiMo12O40, β- and/or α-MoO3 could also be present 
(if desired) depending on the initial molybdenum loading. Because this is an inside-
out synthesis for catalysts, blockage in the pore entrance can be avoided. The 
H4SiMo12O40 anchored mesoporous silica hollow spheres were demonstrated to be 
highly active for Friedel-Crafts alkylation. The best two catalysts screened, 
H4SiMo12O40@mSiO2-20 and H4SiMo12O40@mSiO2-30, were approximately 2.6 
times as active as the commercial Amberly-15 solid acid catalyst, with 99% 
conversion of benzyl alcohol to methyl diphenylmethanes and dibenzyl ether within 
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90 min at the reaction temperature of 80 
o
C. More importantly, the 
H4SiMo12O40@mSiO2 hollow sphere catalyst was robust, which could be reused after 
regeneration. Conversion of benzyl alcohol and selectivity of methyl 
diphenylmethanes over dibenzyl ether were maintained at 64 and 66%, respectively 
after six runs of repeated experiments. Catalyst regeneration was performed to burn 
off reaction products adsorbed and restore the active silicomolybdic acid species. The 
present preinstallation-infusion -hydration method could be applied to prepare highly 
dispersed metal oxides on mesoporous supports, while generating hollow structures. 
In addition, the developed H4SiMo12O40@mSiO2 hollow spheres can also be used as 




Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 




1. Wan, Y.; Zhao, D. Y., Chem. Rev. 2007, 107, 2821-2860.  
2. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S., Nature 
1992, 359, 710-712.  
3. Zhao, D. Y.; Feng, J. L.; Huo, Q. S.; Melosh, N.; Fredrickson, G. H.; Chmelka, 
B. F.; Stucky, G. D., Science 1998, 279, 548-552.   
4. Grun, M.; Kurganov, A. A.; Schacht, S.; Schuth, F.; Unger, K. K., J. 
Chromatogr. A 1996, 740, 1-9. 
5. Mercier, L.; Pinnavaia, T. J., Adv. Mater. 1997, 9, 500-503. 
6. Mal, N. K.; Fujiwara, M.; Tanaka, Y., Nature 2003, 421, 350-353. 
7. Lee, J. E.; Lee, N.; Kim, T.; Kim, J.; Hyeon, T., Acc. Chem. Res. 2012, 44, 893-
902. 
8. Moller, K.; Bein, T., Chem. Mater. 1998, 10, 2950-2963. 
9. Taguchi, A.; Schuth, F., Microporous Mesoporous Mater. 2005, 77, 1-45. 
10. Sayari, A.; Hamoudi, S., Chem. Mater. 2001, 13, 3151-3168. 
11. Brunel, D., Microporous Mesoporous Mater. 1999, 27, 329-344. 
12. Wang, D. P.; Zeng, H. C., Chem. Mater. 2011, 23, 4886-4899. 
13. Guerrero-Martinez, A.; Perez-Juste, J.; Liz-Marzan, L. M., Adv. Mater. 2010, 22, 
1182-1195. 
14. Joo, S. H.; Park, J. Y.; Tsung, C. K.; Yamada, Y.; Yang, P. D.; Somorjai, G. A., 
Nature Mater. 2009, 8, 126-131. 
15. Kim, J.; Lee, J. E.; Lee, J.; Yu, J. H.; Kim, B. C.; An, K.; Hwang, Y.; Shin, C. H.; 
Park, J. G.; Hyeon, T., J. Am. Chem. Soc. 2006, 128, 688-689. 
16. Zhao, W. R.; Gu, J. L.; Zhang, L. X.; Chen, H. R.; Shi, J. L., J. Am. Chem. Soc. 
2005, 127, 8916-8917. 
17. Moller, K.; Kobler, J.; Bein, T., Adv. Funct. Mater. 2007, 17, 605-612. 
18. Lin, H.-P.; Cheng, Y.-R.; Mou, C.-Y., Chem. Mater. 1998, 10, 3772-3776.  
19. Zeng, H. C., J. Mater. Chem. 2011, 21, 7511-7526. 
20. Li, J.; Zeng, H. C., J. Am. Chem. Soc. 2007, 129, 15839-15847. 
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 
Friedel-Crafts Alkylation  
130 
 
21. Yang, H. G.; Zeng, H. C., J. Phys. Chem. B 2004, 108, 3492-3495. 
22. Caruso, F.; Caruso, R. A.; Mohwald, H., Science 1998, 282, 1111-1114.  
23. Zhu, Y. F.; Shi, J. L.; Shen, W. H.; Dong, X. P.; Feng, J. W.; Ruan, M. L.; Li, Y. 
S., Angew. Chem. Int. Ed. 2005, 44, 5083-5087. 
24. Wang, J. G.; Li, F.; Zhou, H. J.; Sun, P. C.; Ding, D. T.; Chen, T. H., Chem. 
Mater. 2009, 21, 612-620. 
25. Rana, R. K.; Mastai, Y.; Gedanken, A., Adv. Mater. 2002, 14, 1414-1418. 
26. Kim, S. S.; Zhang, W. Z.; Pinnavaia, T. J., Science 1998, 282, 1302-1305. 
27. Schacht, S.; Huo, Q.; Voigt-Martin, I. G.; Stucky, G. D.; Schuth, F., Science 
1996, 273, 768-771. 
28. Qi, G. G.; Wang, Y. B.; Estevez, L.; Switzer, A. K.; Duan, X. N.; Yang, X. F.; 
Giannelis, E. P., Chem. Mater. 2010, 22, 2693-2695. 
29. Tan, B.; Rankin, S. E., Langmuir 2005, 21, 8180-8187. 
30. Chen, Y.; Chen, H. R.; Guo, L. M.; He, Q. J.; Chen, F.; Zhou, J.; Feng, J. W.; 
Shi, J. L., Acs Nano 2010, 4, 529-539. 
31. Busca, G., Chem. Rev. 2007, 107, 5366-5410. 
32. Chiu, J. J.; Pine, D. J.; Bishop, S. T.; Chmelka, B. F., J. Catal. 2004, 221, 400-
412. 
33. Dou, J.; Zeng, H. C., J. Phys. Chem. C 2012, 116, 7767-7775. 
34. Tagusagawa, C.; Takagaki, A.; Iguchi, A.; Takanabe, K.; Kondo, J. N.; Ebitani, 
K.; Hayashi, S.; Tatsumi, T.; Domen, K., Angew. Chem. Int. Ed. 2010, 49, 1128-
1132. 
35. Wang, F.; Ueda, W., Chem.-Eur. J. 2009, 15, 742-753. 
36. Suganuma, S.; Nakajima, K.; Kitano, M.; Yamaguchi, D.; Kato, H.; Hayashi, S.; 
Hara, M., J. Am. Chem. Soc. 2008, 130, 12787-12793. 
37. Rao, Y.; Trudeau, M.; Antonelli, D., J. Am. Chem. Soc. 2006, 128, 13996-13997. 
38. Okuhara, T., Chem. Rev. 2002, 102, 3641-3665. 
39. Kozhevnikov, I. V., Chem. Rev. 1998, 98, 171-198. 
40. Corma, A., Chem. Rev. 1995, 95, 559-614. 
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 
Friedel-Crafts Alkylation  
131 
 
41. Liu, F. J.; Willhammar, T.; Wang, L.; Zhu, L. F.; Sun, Q.; Meng, X. J.; Carrillo-
Cabrera, W.; Zou, X. D.; Xiao, F.-S., J. Am. Chem. Soc. 2012, 134, 4557-4560. 
42. Na, K.; Jo, C.; Kim, J; Cho, K.; Jung, J.; Seo, Y.; Messinger, R. J.; Chmelka, B. 
F.; Ryoo, R., Science, 2011, 333, 328-332. 
43. Chen, H. Y.; Wydra, J.; Zhang, X. Y.; Lee, P.-S.; Wang, Z. P.; Fan, W.; 
Tsapatsis, M., J. Am. Chem. Soc. 2011, 133, 12390-12393. 
44. Moller, K.; Yilmaz, B.; Jacubinas, R. M.; Muller, U.; Bein, T, J. Am. Chem. Soc. 
2011, 133, 5284-5295. 
45. Gu, F. N.; Wei, F.; Yang, J. Y.; Lin, N.; Lin, W. G.; Wang, Y.; Zhu, J. H.,  
Chem. Mater. 2010, 22, 2442-2450. 
46. Perez-Ramirez, J.; Christensen, C. H.; Egeblad, K.; Christensen, C. H.; Groen, J. 
C., Chem. Soc. Rev. 2008, 37, 2530-2542. 
47. Okuhara, T.; Mizuno, N.; Misono, M., Appl. Catal. A 2001, 222, 63-77. 
48. Verhoef, M. J.; Kooyman, P. J.; Peters, J. A.; van Bekkum, H., Microporous 
Mesoporous Mater. 1999, 27, 365-371. 
49. Blasco, T.; Corma, A.; Martinez, A.; Martinez-Escolano, P., J. Catal. 1998, 177, 
306-313. 
50. Liu, Y.; Xu, L.; Xu, B. B.; Li, Z. K.; Jia, L. P.; Guo, W. G., J. Mol. Catal. A 
2009, 297, 86-92. 
51. Zhu, Z. R.; Yang, W. M., J. Phys. Chem. C 2009, 113, 17025-17031. 
52. Nowinska, K.; Formaniak, R.; Kaleta, W.; Waclaw, A., Appl. Catal. A 2003, 256, 
115-123. 
53. Lapkin, A.; Bozkaya, B.; Mays, T.; Borello, L.; Edler, K.; Crittenden, B., Catal. 
Today  2003, 81, 611-621. 
54. Zhang, R. F.; Yang, C., J. Mater. Chem. 2008, 18, 2691-2703. 
55. Dufaud, V.; Lefebvre, F.; Niccolai, G. P.; Aouine, M., J. Mater. Chem. 2009, 19, 
1142-1150. 
56. Jalil, P. A.; Faiz, M.; Tabet, N.; Hamdan, N. M.; Hussain, Z., J. Catal. 2003, 217, 
292-297. 
57. Rocchiccioli-Deltcheff, C.; Amirouche, M.; Fournier, M., J. Catal. 1992, 138, 
445-456. 
58. Banares, M. A.; Hu, H. C.; Wachs, I. E., J. Catal. 1995, 155, 249-255. 
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 
Friedel-Crafts Alkylation  
132 
 
59. Piao, Y.; Kim, J.; Na, H. B.; Kim, D.; Baek, J. S.; Ko, M. K.; Lee, J. H.; 
Shokouhimehr, M.; Hyeon, T., Nature Mater. 2008, 7, 242-247. 
60. Shin, J.; Kim, H.; Lee, I. S., Chem. Commun. 2008, 5553-5555. 
61. Park, J. C.; Lee, H. J.; Bang, J. U.; Park, K. H.; Song, H., Chem. Commun. 2009, 
7345-7347. 
62. Luan, Z. H.; Hartmann, M.; Zhao, D. Y.; Zhou, W. Z.; Kevan, L., Chem. Mater. 
1999, 11, 1621-1627. 
63. Ravikovitch, P. I.; Odomhnaill, S. C.; Neimark, A. V.; Schuth, F.; Unger, K. K., 
Langmuir 1995, 11, 4765-4772. 
64. Lopez, D. E.; Goodwin Jr, J. G.; Bruce, D. A., J. Catal. 2007, 245, 381-391. 
65. Okamoto, Y.; Imanaka, T.; Teranishi, S., J. Phys. Chem. 1981, 85, 3798-3805. 
66. Banares, M. A.; Fierro, J. L. G.; Moffat, J. B., J. Catal. 1993, 142, 406-417. 
67. Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.; 
Rouquerol, J.; Siemieniewska, T., Pure Appl. Chem. 1985, 57, 603-619. 
68. Elshafei, G. M. S.; Mokhtar, M., Coll. Surf. A 1995, 94, 267-277. 
69. Seyedmonir, S. R.; Abdo, S.; Howe, R. F., J. Phys. Chem. 1982, 86, 1233-1235. 
70. Hu, H. C.; Wachs, I. E.; Bare, S. R., J. Phys. Chem. 1995, 99, 10897-10910. 
71. Banares, M. A.; Hu, H. C.; Wachs, I. E., J. Catal. 1994, 150, 407-420. 
72. Kasprzak, M. S.; Leroi, G. E.; Crouch, S. R., Appl. Spectrosc. 1982, 36, 285-289. 
73. Dieterle, M.; Mestl, G., Phys. Chem. Chem. Phys. 2002, 4, 822-826. 
74. Wei, X. M.; Zeng, H. C., J. Phys. Chem. B 2003, 107, 2619-2622. 
75. Wei, X. M..; Zeng, H. C., Chem. Mater. 2003, 15, 433-442. 
76. Yang, H. G.; Zeng, H. C., Chem. Mater. 2003, 15, 3113-3120. 
77. Piquemal, J. Y.; Briot, E.; Chottard, G.; Tougne, P.; Manoli, J. M.; Bregeault, J. 
M., Microporous Mesoporous Mater. 2003, 58, 279-289. 
78. Sawant, D. P.; Vinu, A.; Mirajkar, S. P.; Lefebvre, F.; Ariga, K.; Anandan, S.; 
Mori, T.; Nishimura, C.; Halligudi, S. B., J. Mol. Catal. A 2007, 271, 46-56. 
79. Patnaik, P., Dean’s Analytical Chemistry Handbook. McGraw-Hill: New York, 
2004. 
Chapter 5 Targeted Synthesis of Silicomolybdic Acid (Keggin acid) inside Mesoporous Silica Hollow Spheres for 
Friedel-Crafts Alkylation  
133 
 
80. Shiju, N. R.; Alberts, A. H.; Khalid, S.; Brown, D. R.; Rothenberg, G., Angew. 
Chem. Int. Ed. 2011, 50, 9615-9619. 
81. Huang, Y. L.; Xu, S.; Lin, V. S.-Y., Angew. Chem. Int. Ed. 2011, 50, 661-664.  
    









Chapter 6 Integrated Catalyst-Adsorbent of Mo/SiO2 Nanowires with Highly Accessible Mesopores for Oxidative 





Integrated Catalyst-Adsorbent of 
Mo/SiO2 Nanowires with Highly 
Accessible Mesopores for Oxidative 
Desulfurization of Model Diesel  
6.1 Introduction 
In Chapter 5, we have synthesized silicomolybdic acid within discrete silica hollow 
spheres via preinstallation-infusion-hydration method. Considering pratical 
applications, easy separation of nanocatalysts from reaction mixture is highly desired. 
This can be achived by assemblying nanocatalysts into micrometer scale in overall 
morphology. As discussed in previous chapter, mesoporous silica and its related 
composites are a class of fascinating functional materials and they have attracted 
enormous research interest over the past two decades.
1-28
 Concerning their practical 
applications such as in catalysis, separation, adsorption, and drug delivery, however, it 
is important to take further control over their porosity, size, shape, morphology, 
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composition, chemical/thermal stability and process reusability.
1,2
 In this regard, 
advanced syntheses of mesoporous silica into spheres,
3-5
 fibers and rods,
6-14





 and hollowed structures
20-23
 have been conducted. 
There have been many preparative strategies to make mesoporous silica into one-
dimensional (1D) micro- and nanostructures which can be used as waveguides and 
laser materials.
11,24
 For example, such 1D silica materials have been prepared by 
spinning method with a mean diameter of 40 μm.6 Anodic aluminum membrane has 
also been utilized as template to synthesize mesoporous silica fibers with an average 
diameter of ca 250 nm.
7
 Furthermore, mesoporous silica fibers with diameters of 1 to 
15 μm, whose mesopore channels (hexagonally packed) are parallel to the axial 
direction of the fibers, have also been prepared by a two-phase solution method.
11 
It 
was proposed that silica films firstly formed at the interface of water and oil phases, 
followed by nucleating and growing silica fibers on the water phase side of the film. 
Therefore, it is important to kinetically control the hydrolysis rate of the silicate 
species at the water and oil interface. Later, it was found out that silica fibers with 
diameters of 50300 nm could be grown in (one-phase) aqueous solution as well 
under acidic condition, and a circular or a longitudinal pore architecture could be 
further selected.
10
 Other synthetic parameters such as silica precursor, co-solvent, co-
surfactant, static condition and weak acid were also identified to be essential to 
control the morphology of fibers/ nanowires.
8,12-14,17
 It has been recognized that the 
pore architecture within the silica materials is of paramount importance for practical 
applications.
25,26
 Furthermore, engineering mesoporous silica with multimodal pore 
systems (i.e., with hierarchical pore profiles) provides additional advantages for mass 
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transport taking place in both reaction and sorption processes.
3,27,28
 In addition to 
nominal surface area and porosity, orientation or architecture of the mesopores is 
another important structural property. For instance, regarding their catalytic 
applications, pore channels around, parallel or perpendicular to the axis of the 1D 
silica fibers/nanowires will determine ultimate performance of working catalysts. As 
illustrated in Figure 6.1a, mesopores parallel to axial direction of silica nanowires 
may lead to limited catalyst loading and less accessible working surface area because 
of blockage of impregnated catalysts in the openings of longitudinal channels. On the 
other hand, shorter mesopores perpendicular to axial direction of silica nanowires 
would allow more controllable catalyst impregnation and larger effective surface 
areas for catalytic reactions and/or sorption processes.   
Concerning further development of the above silica materials, in this work, we select 
an important petrochemical process  deep desulfurization  as a benchmark 
application. Deep desulfurization of diesel fuel has received great research attention 
due to more stringent environmental regulations imposed over the last two decades.
29
 
In the oil refinery industry, hydrodesulfurization (HDS) process has been used for 
several decades to reduce sulfur content to a level of ~500 ppm. To further reduce the 
sulfur to a level below 50 ppm (i.e., deep desulfurization), the HDS process has to be 
operated under even severer conditions (high temperature and high pressure) which 
are energy intensive and require hydrogen consumption. In searching for other 
alternatives, oxidative desulfurization (ODS) has been considered to be a 
complementary route to the HDS process for deep desulfurization, due to its moderate 
operating conditions and facile integration to existing refinery plants.
30
 In eq. (1), the 
Chapter 6 Integrated Catalyst-Adsorbent of Mo/SiO2 Nanowires with Highly Accessible Mesopores for Oxidative 




least reactive organosulfur compounds, such as dibenzothiophene (C12H8S) and other 
alkyl substituted derivatives, can be more easily oxidized in ODS reaction and 
subsequently removed through adsorption or extraction. There have been a number of 
solid-state ODS catalysts reported in literature which include heteropolyacids,
31-33
 
supported metal oxides (i.e., MnO2, MoO3, and WO3),
34-39
 and Ti-molecular sieves 
coupled with oxidants such as peroxides and air.
40-42
 Nevertheless, we note that the 
reported ODS processes require multiple steps for removal of reaction products, and 
there have not been any “one-pot” operations (i.e., reaction-cum-separation) so far. In 
this regard, if both reaction and separation can be integrated into a single step, the 
proposed ODS processes would become even more attractive, but the ODS catalysts 
would then be required to function as sorbents as well.   
 
                                                                                                                                             
                                                                                                                                   (1)                                                                     
 
As mentioned earlier, the preparation of mesoporous silica nanowires with a diameter 
less than 50 nm remains to be explored.
16,17
 Furthermore, architecture of pore 
channels is an important issue for their catalytic and sorptive applications. Aiming at 
these two major challenging objectives, herein, we have developed a simple chemical 
route to prepare interlinked mesoporous silica (mSiO2) nanowires. The synthesis 
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Figure 6.1 (a) Illustrations of catalyst nanoparticles loaded on two different types of silica 
nanowires (mesopores parallel to axial direction of SiO2 nanowires and mesopores perpendicular 
to axial direction of SiO2 nanowires), and (b) dual functions (catalyst + adsorbent) of Mo/mSiO2 
in the present investigation of oxidative desulfurization process (1: fresh Mo/mSiO2 nanowires, 2: 
dibenzothiophene-sulfone adsorbed Mo/mSiO2 nanowires, and 3: washed Mo/mSiO2 nanowires 
(i.e., equivalent to 1); intricate thin threads represent networked Mo/mSiO2 nanowires with 
mesopores perpendicular to the axial direction (which is detailed in (a)).  
temperature have been investigated thoroughly in this work to gain understanding on 
the formation mechanism. The networked mSiO2 nanowires have been used as a 
catalyst support for molybdenum (Mo/mSiO2, Mo in the form of α-MoO3), and the 
integrated Mo/mSiO2 catalyst-adsorbent system has been tested for ODS application 
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while the diameters of silica nanowires have been reduced significantly to a spatial 
region of only 10 to 20 nm in this work, we are actually able to integrate them and 
increase final dimensions of integrated networks to micrometer scale, which allows 
easy separation of the materials after use. 
 
6.2 Experimental Section 
6.2.1 Preparation of mesoporous silica (mSiO2) nanowire-networks 
Three-dimensionally interlinked mesoporous silica nanowires was synthesized by 
hydrolysis of tetraethyl orthosilicate (TEOS, Fluka) with triethanolamine (TEA, Acros 
Organics) as alkaline source. In a typical synthesis, 13 mL of deionized water was 
mixed with 1 mL of ethanol, followed by adding 2 mL of 25% 
hexadecyltrimethylammonium chloride (CTACl, Sigma-Aldrich) aqeous solution and 
0.9 mL of triethanolamine (TEA, Acros). The resulted mixture was stirred at room 
temperature for 30 min. Afterward, 0.5-1.5 mL of TEOS was added to above mixture 
under magnetic stirring. Finally, the mixture was heated in an electric oven at 60 
o
C 
for 2 h. The resultant opaque networked mSiO2 nanowires were precipitated out by 
adding ethanol and centrifuged at 5000 rpm for 3 min.  
6.2.2 Preparation of Mo/mSiO2 network catalysts 
The above synthesized interlinked mesoporous silica nanowires were heated at 550 
o
C 
in air for 6 h with a heating rate of 1 
o
/min. The heasample was ground into powder 
and used as catalyst support for molybdenum oxide with metal Mo loading of 2-15% 
(weight %) via impregnation with ammonium heptamolybdate 4-hydrate (AHM, 
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(NH4)6Mo7O24·4H2O, Merck). The impregnated sample was calcined at 500 
o
C in air 
for 3 h. Commercial fumed silica (Sigma-Aldrich) and aluminum oxide (Alfa Aesar) 
were also impregnated with 10% Mo as reference catalysts. 
6.2.3 Oxidative desulfurization (ODS) of model diesel 
Model diesel with 400 ppm of sulfur (S) was prepared by dissolving 460 mg of 
dibenzothiophene (DBT, C12H8S, Alfa Aesar) in 200 mL of n-tetradecane (C14H30, 
Alfa Aesar); 1 ppm is defined as 1 mg of sulfur atoms per liter of n-tetradecane. 
Liquid phase oxidative desulfurization of model diesel was carried out in a 25 mL 2-
necked round bottom flask coupled in a temperature controlled oil bath. In a typical 
run, 10 mL of model diesel was mixed with 0.1 mL of undecane (C11H24, as an 
internal standard for gas chromatography (GC)), followed by adding 50 mg of catalyst 
and 57 μL of tert-butyl hydroperoxide solution (TBHP, C4H10O2, 5.5 M in decane 
(C10H22), Sigma-Aldrich). The oxidant to sulfur mole ratio (TBHP/DBT) was fixed at 
2.5. The reaction proceeded under vigorous stirring at 50 
o
C. The concentration of 
DBT was monitored using gas chromatography (GC, Agilent-7890A) coupled with a 
flame ion detector (FID) and a HP-5 column (30 m x 0.32 mm x 0.25 μm). Gas 
chromatography-mass spectroscopy (GC-MS, Agilent, 7890A-5975C) was also used 
to identify the chemicals beofore and after the ODS reaction.  
6.2.4 Regeneration of Mo/mSiO2 catalyst-adsorbent 
The used catalysts were recycled from the reaction mixture and regenerated by either 
washing with 4 mL of toluene (repeated 5 times, as no dibenzothiophene sulfone peak 
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observed by GC after washing) or simply calcined in air at 500 
o
C for 3 h to burn off 
adsorbed dibenzothiophene sulfone.    
6.2.5 Materials Characterization 
The crystallographic structure of the solid samples was investigated using powder X-
ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 Å) at a 
scanning rate of 1 
o
/min. The dimension, morphology, and chemical composition of 
the samples were examined using scanning electron microscopy and energy dispersive 
X-ray spectroscopy (SEM/EDX, JSM-5600LV), transmission electron microscopy 
(TEM, JEM2010), and high resolution transmission electron microscopy 
(HRTEM/EDX, JEM2100F, 200 kV). The texture properties of the samples were 
studied by nitrogen adsorption-desorption isotherms (Quantachrome NOVA-3000 
system) at 77 K. Prior to measurements, the samples were degassed at 200 
o
C for 
overnight. The specific surface areas of the samples were determined using Brunauer-
Emmett-Teller (BET) method. The total pore volume was measured at relative 
pressure from 0.928 to 0.936 of desorption curve. The pore size distribution was 
modeled using nonlocal density function theory (NLDFT) from adsorption curve.
43
 
Surface composition of the samples were investigated with X-ray photoelectron 
spectroscopy (XPS, AXIS-HSi, Kratos Analytical) using a monochromatized Al Kα 
exciting radiation (hν = 1486.71 eV). The XPS spectra of all studied elements were 
measured with a constant analyzer-pass-energy of 40.0 eV. All binding energies (BE) 
were referenced to the Si 2p peak (BE = 103.3 eV) from mesoporous silica support. 
Chemical bonding information of the samples was studied with Fourier transform 
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infrared spectroscopy (FTIR, Bio-Rad FTS-135) using the potassium bromide (KBr) 
pellet technique. To make the KBr pellets, about 1 mg of sample was diluted with 100 
mg of KBr powders. Each FTIR spectrum was collected after 16 scans with a 
resolution of 4 cm
-1
 from 400 to 4000 cm
-1
. Thermal behavior of used catalyst was 
carried out with TGA system (Shimazu, DTG-60 AH) under an air stream (100 
mL/min).   
6.3 Results and Discussion 
Under the alkaline condition, interlinked mesoporous silica nanowires (mSiO2) were 
synthesized successfully using TEOS as a silicon precursor and CTACl as a surfactant 
in water/ethanol mixed solvents. The TEM image of Figure 6.2a represents a 
panoramic view of as-prepared mesoporous silica nanowires which are interconnected 
into 3D networks. The diameters of these mesoporous silica nanowires are only 
around 14 nm, as can be seen in the TEM image of Figure 6.2b-d at higher 
magnifciations. Interestingly, the aspect ratio of the networked mSiO2 nanowires (i.e., 
straight portions of ligaments in the mSiO2 network) could be finely tuned from ~ 2:1 
to 5:1 by adjusting the amount of TEOS used in the synthesis from 1.5 to 0.5 mL 
(Experimental section). With stirring of the reasction mixture (instead of the standard 
static condition; Experimental section), the aspect ratio could be further reduced to 
~1:1 (the synthesis was carried out in an oil bath at 60 
o
C; Figure 6.3). It is thus 
understood that more branches from mesoporous silica nanowires can be attained with 
a higher concentration of precursor molecules under more buoyant convections. The 
branching will reduce the length of silica nanowires, leading to smaller aspect ratio 
for the ligaments in the 3D networks. Importantly, the diameter of mesoporous silica 
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nanowires remains very similar as ~ 14 nm despite varying the synthetic parameter. 
The mesopores are randomly distributed within the silica nanowires, but thay are 
alighed perpendicularly to the axis of nanowires; they are different from orderly 
arranged mesopore channels (either the circular or longitudinal pore architecture
10
). 
Quite encouragingly, the small diameters in the nanowires and open short channel 
pores are highly desirable, since they possess more active sites and permit rapid mass 












Figure 6.2 TEM images of interlinked mesoporous silica nanowires: (a) a large scale view (1.0 
mL of TEOS), (b-d) the aspect ratio of silica nanowires was adjusted from ~ 2:1 to ~ 5:1 by 
reducing the amount of TEOS used in the synthesis solution from 1.5 to 0.5 mL. Notes: 1.5 mL, 
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Figure 6.3 Interlinked mesoporous silica spheres (aspect ratio ~ 1:1) were synthesized by heating 
in 60 
o
C oil bath under stirring (600 rpm).  
The above networked mSiO2 nanowires were characterized by N2 adsorption-
desorption analysis at 77 K. Shown in Figure 6.4a, the N2 adsorption-desorption 
isotherm for the mSiO2 sample synthesized with 0.5 mL of TEOS can be classified as 
type IV with type H1 hysteresis loop. The initial uptake of N2 at below relative 
pressure of 0.1 is due to monolayer adsorption of N2 on the walls of mesopores. At 
relative pressure of 0.2-0.4, the adsorption step is associated with capillary 
condensation in the mesopores. The last adsorption step above relative pressure of 0.8 
is due to condensation in void spaces among the silica nanowires. The pore size 
distribution calculated by NLDFT method further confirms the hierarchical pore 
structure (Figure 6.4b). A sharp peak centered on 3.6 nm indicates the presence of 
very uniform mesopores within the silica nanowires. The broad peak around 19.9 nm 
is due to the void spaces among neighbouring mesoporous silica nanowires (i.e., 
network textural pores). The presence of larger such textural mesoporosity would be 
beneficial as it increase the diffusibility of chemicals when accessing to the smaller  
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Figure 6.4 (a), (c) and (e) N2 adsorption-desorption isotherms of mesoporous silica nanowires 
synthesized with 0.5, 1.0, and 1.5 mL of TEOS, respectively; and (b), (d) and (f) pore size 
distributions of mesoporous silica nanowires synthesized with 0.5, 1.0, and 1.5 mL of TEOS, 
respectively. 
mesopores. With 1.0 or 1.5 mL of TEOS used in the synthesis, the size of primary 
mesopore remains unchanged as at 3.4-3.5 nm, while the mean secondary mesopore 
increases to 25.4 and 32.5 nm, respectively (Figure 6.4c-f). Small-angle X-ray 
diffraction was carried out to determine the mesopore structure (Figure 6.5). Only a 
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weak broad peak at around 2θ = 2.1 to 2.2o (d100 = 4.2 to 4.0 nm) was observed for 
silica nanowires synthesized with 1.0 and 1.5 mL of TEOS, which is associated with 
wormhole-type mesopores.
4
 No diffraction peaks were observable in the range of 1-
10
o
 range for the mSiO2 sample prepared with 0.5 mL of TEOS, indicating the 







Figure 6.5 Small angle XRD of mesoporous silica nanowires synthesized with (i) 0.5 mL, (ii) 1.0 
mL, and (iii) 1.5 mL of TEOS. 
To understand the formation mechanism of interlinked mesoporous silica nanowires, 
the synthesis process was monitored by withdrawing a small portion of the reaction 
mixture during thermal treatment at 60 
o
C and examined with TEM technique. After 
being heated in an oven for 10 min, as shown in Figure 6.6, sol-gel reactions of TEOS 
readily occurred and a sponge-like network structure emerged. When reaction 
proceeded further into 20 and 30 min, void spaces in the spongy structure expanded 
while the ligaments that form the 3D networks became thinner, resembling wire-like 
features (Figure 6.6). The mSiO2 nanowires were more apparent at 40 min, and fully 
developed after aging for 50-60 min (Figure 6.6). It is noted that the silica nanowires 
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are interlinked with each other, inherited from the starting 3D networks. This 
morpholigcal evolution suggests a dissolution and reorganization (of the gel mixture 
of silicate oligomeric species and trapped organic templating molecules) process upon 
the reaction time. Additionally, similar structural development was also observed by 
adjusting synthesis parameters (e.g., amounts of TEOS, CTACl and EtOH; Figure 6.7-











Figure 6.6 TEM images for evolution of silica gels (i.e., SiO2 + CTACl) to interlinked 
mesoporous silica nanowires after different reaction time (10 to 60 min). Top panel illustrates the 
initial stage of void enlargement and development of interconnected ligaments (i.e., networked 
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Figure 6.9 Evolution of interlinked mesoporous silica nanowires synthesized with 4 mL of EtOH. 
First, microemulsion was formed by addition of TEOS into the solution with the 
presence of surfactant CTACl under stirring at room temperature, which is critical to 
generate sponge-like gel precursor for growth of interlinked mesoporous silica 
nanowires. In a control experiment, TEOS was added to the solution without stirring, 
leading to a TEOS film on the water surface. Afterwards, sol-gel reactions at this 
interface produced interconnected mesoporous silica spheres with various sizes 
(Figure 6.10). It has been reported that hydrolysis (and subsequent condensation) of 
TEOS at the interface of water and oil (organic) phase yielded a mixture of 
mesoporous silica spheres and fibers.
11
 Second, it is noted that the organic alkaline 
triethanolamine (TEA) has been proposed to have chelating effect for controlling 
product morphology.
4
 To verify the actual role of TEA, simple inorganic bases such as 
ammonia and sodium hydroxide were used in replacement of TEA. As shown in 
Figure 6.11, interlinked mesoporous silica nanowires could also be synthesized 
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successfully with either ammonia or sodium hydroxide as an alkaline substitute, 
indicating chelating role of TEA is not critical in our approach. However, when more 
base catalyst was used, higher rate of TEOS hydrolysis was observed, and the surface 
of mSiO2 nanowires became less smooth with smaller aspect ratios. If too much base 
was used in synthesis, uniformity of mSiO2 products could lose entirely (Figure 6.12). 
Therefore, the amount of alkaline used in synthesis can also provide an additional 







Figure 6.10 Interlinked mesoporous silica with irregular shapes synthesized by addition of TEOS 






Figure 6.11 TEM images of interlinked mesoporous silica nanowires synthesized with (a) 0.1 ml 
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Figure 6.12 Mesoporous silica synthesized with (a) 1 mL 1 M of NH4OH with pH ~ 11, and (b) 
0.5 mL 8 M of NH4OH with pH ~ 12. 
It has been widely recognized that, by adjusting their concentration, quaternary 
cationic surfactants (e.g., CTAB and CTACl) can exist as rod-shaped micelles in the 
solution which are responsible for forming mesoporous silica channels with 
hexagonal packing.
18,44
 In view of the morphology evolution results in Figure 6.6-6.9, 
the actual role of CTACl used in our work are needed to be further explored, 
especially when random arrangement of mesopores and significant 3D branching of 
nanowires are observed. Generally specking, there are two types of synthetic 
mechanisms responsible for formation of mesoporous silica materials, cooperative 
self-assembly and liquid crystal templaing process.
1
 Because our networked mSiO2 
nanowires were formed from the evolution of gel matrixes, the latter mechanism (i.e., 
“true” liquid crystal templating) can be ruled out unambiguously. To get more insight 
into the roles of CTACl playing, we further investigated the effects of this surfactant 
on final product morphology. By reducing the amount of CTACl to half or quarter of 
the initial value, interlinked mesoporous silica spheres appeared instead of the mSiO2 
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very large mesoporous particles some big particles formed along with mesoporous 
silica nanowires (Figure 6.13c). In general, the (100) diffraction moved toward to 
lower 2θ angle when more CTACl was used, revealing an increasing trend in pore 
sizes (Figure 6.13d). It is thus recognized that an optimal amount of CTACl is also 
required to stabilize mSiO2 nanowires, probably through establishing tubular micelles 
under our synthetic environments. In Figure 6.14, the effect of co-solvent was also 
examined by varying the amount of ethanol from its normal value (1.0 mL, 
Experimental Section). When 2.0 mL of ethanol was used, the diameter of the mSiO2 
nanowires was increased to ~27 nm (Figure 6.14a, TEOS = 1.0 mL). Further 
increasing ethanol to 3.0 mL, the structure was composed of interlinked nanospheres 
with diameter of ~50 nm (Figure 6.14b). Using 4.0 mL of ethanol in synthesis, 
discrete mesoporous silica particles with diameters at ca 86 nm appeared (Figure 
6.14c). Similar effect was observed with 0.5 mL of TEOS used in the synthesis 
(Figure 6.15). It has been reported that alcohols help elongate the cylindrical micelles 
formed by the quaternary ammonium surfactants for the formation of mesopores.
2
 
Indeed, in the present case, 1D channels were elongated and more parallel with more 
ethanol used, which is reflected in both wire/particle diameters (Figure 6.14a-c) and 
diffraction intensity of (100) peaks (Figure 6.14d). It is also believed that with more 
ethanol used, a more stable microemulsion of TEOS/ethanol (organic phase) in the 
water phase was formed, which acted as template to grow mesoporous silica spherical 
particles together with the CTACl surfactant. 
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Figure 6.13 Effect of CTACl on the morphology of interlinked mesoporous silica: (a) 0.5 mL, (b) 
1.0 mL, (c) 4.0 mL of 25% CTACl solution. Small angle XRD patterns (d) of interlinked 















Figure 6.14 Effect of ethanol on the morphology of interlinked mesoporous silica nanowires: (a) 2 
mL, (b) 3 mL, and (c) 4 mL of ethanol. TEOS = 1.0 mL. Small angle XRD patterns (d) of 
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Figure 6.15 Effect of ethanol on the morphology of interlinked mesoporous silica nanowires: (a) 
2.0 mL, (b) 3.0 mL, and (c) 4.0 mL of ethanol. TEOS = 0.5 mL. 
The influence of temperature on the formation of interlinked mSiO2 nanowires was 
also studied (Figure 6.16). When the processing temperature was adjusted from 80 to 
40
o
C or even to room temperature (~20
o
C), there was no significant difference in the 
product morphology of mSiO2 nanowires. However, when the temperature was 
increased to 100
o
C, aggregative large particles were formed with regular nanowires in 
the final product, indicating that slow kinetics is favored for growth of silica 
nanowires. In addition, the reaction time was tested by prolonging the general reaction 
time of 2 h to 424 h (Figure 6.17). The morphology of silica nanowires remained 
unaltered after 6 h of the reaction (Figure 6.17b). However, irregularly shaped silica 
nanoparticles appeared after 8 h, and even more were formed after 24 h (Figure 6.17c-
d). The above observation is additional evidence of dissolution and re-growth 
mechanism. Such a mechanism cannot be subscribed to the cooperative self-assembly 
process either, although it likely bares certain cooperative features in the re-growth 
stage. Based on the above analysis, a formation mechanism could be proposed herein 
to account for the growth of networked mSiO2 nanowires. Catalyzed in the alkaline 
solution, hydrolysis and condensation of TEOS in the mixed solvent of water/ethanol 
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generate a spongy gel structure that serves both as a soft solid precursor and as an 
intrinsic scaffold to evolve into mesoporous nanowires through dissolution and re-
growth processes (Figure 6.6). In addition its role of templating mesopores through 
formation of rod-shaped micelles, the surfactant CTACl is also believed to assemble 
into tubular micelles to stabilize branching 1D silica nanowires. Related to this novel 
mechanism, control of growth rate by adjusting the concentrations of surfactant, 
alkaline, and cosolvent is critical to generate branching and thus final interlinked 












Figure 6.16 Temperature effect on the morphology of interlinked mesoporous silica nanowires: 
(a) 20 
o
C, (b) 40 
o
C, (c) 80 
o
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Figure 6.17 Aging time effect on the morphology of interlinked mesoporous silica nanowires: (a) 





Figure 6.18 (a) Conversion of DBT with catalysts: 10%Mo-γ-Al2O3 (square), 10%Mo-fumed 
silica (circle), 10%Mo-1.0 mL of TEOS (triangle), 10%Mo-1.5 mL of TEOS (triangle, upside 
down), 10%Mo-0.5 mL of TEOS (cross). Reaction condtions: 10 mL of tetradecane (400 ppmS of 
DBT), 57 μL of TBHP, 50 mg of catalyst, 50 
o
C, 1200 rpm. (b) Comparison of ODS activities of 
interlinked mesoporous silica nanowires with 2%, 5%, 10%, and 15% Mo loading.  
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The above networked mSiO2 nanowires were used as catalyst support for 
molybdenum oxide for oxidative desulfurization (ODS) with model diesel. Silica 
nanowires with different aspect ratios were impregnated with 10 wt% Mo, and their 
activities were compared with commercial fumed silica and aluminum oxide 
supported with the same amount of metal loading (10 wt% Mo). As shown in Figure 
6.18a, the conversion activities were quite similar for all mSiO2 nanowires with 
different aspect ratios, that is, over 99% conversion of dibenzothiophene (DBT, 
C12H8S) was achieved at 30 min. The commercial fumed silica supported 
molybdenum catalyst was less active at an 87% conversion of DBT within the same 
reaction period, and the aluminum oxide supported catalyst is the least active with a 
28% conversion of DBT at 30 min (Figure 6.18a and Table 6.1). Apparently, silica is a 
better support for molybdenum oxide used for ODS reaction compared to alumina, 
possibly because of a stronger acidity of silica (Figure 6.18a versus Figure 6.18b). 
The higher activity observed in the mSiO2 supported catalysts could be attributed to 
higher surface area which ensures good dispersion of MoO3 throughout the support 
surface. Besides, because of small diameters of nanowires, shallow wormhole 
mesopores and hierarchical pore structures are also beneficial for DBT molecules to 
access the catalyst surface (see Figure 6.4 and Figure 6.19). The molybdenum loading 
effect was also studied by varying from 2 to 15% to optimize the DBT conversion. 
Shown in Figure 6.18b and Table 6.1, catalysts with 5 or 10% Mo loading exhibited 
the highest activities with 99.5 and 100% conversion, respectively at 30 min, while 2 
and 15%Mo/mSiO2 nanowires were less active with 81.3 and 90.5% conversion at the 
same reaction time. However, when the activities (i.e., turn-over-frequency (TOF) 
which is defined as mole of sulfur converted per mole of molybdenum per hour at 10 
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min of reaction) of silica nanowires supported catalysts with 2–15% Mo loading were 
compared, 2%Mo/mSiO2 nanowires was the most active catalyst with 22.3 h
–1
. While 
the Mo loading increased to 5, 10 and 15%, the TOF value decreased to 20.7, 13.4 and 
5.3 h
–1
 sequentially. In fact, BET surface area of Mo/mSiO2 nanowire catalysts 
dropped from 852 to 503 m
2
/g when the Mo loading was increased from 2 to 15%. It 
is then understood that the dispersion of Mo is better at a lower loading which 
accounts for the higher TOF values. The catalysts with 5 to 10% of Mo show the 
highest conversions of DBT (Figure 6.18b), because the interplay between total 










Figure 6.19 TEM images of 10%Mo/mSiO2 nanowire catalyst: (a, c) fresh catalyst, and (b, d) 
regenerated catalyst by calcination. FESEM images of 10%Mo/mSiO2 nanowire catalyst: (e) fresh 
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The structural information of the Mo/mSiO2 nanowire catalysts were examined by 
powder XRD, as displayed in Figure 6.20a. For 2–5%Mo/mSiO2 nanowires, no 
diffraction peaks are observed, indicating that molybdenum species were highly 
dispersed on the silica nanowires, while for 10 to 15%Mo/mSiO2 nanowires, 
orthorhombic molybdenum trioxide α-MoO3 phase (JCPDS card no. 05-0508, space 
group: Pbnm, ao = 3.962 Å, bo = 13.85 Å, and co = 3.697 Å) can be observed. The α-
MoO3 phase was also observed for commercial fumed silica supported 10% Mo 
catalyst. It is noted that the α-MoO3 peak intensity of 10%Mo/fumed silica (Figure 
6.20b) is much higher than that of the 10%Mo/mSiO2 nanowires, revealing better 
metal dispersion on the silica nanowires support due to their large specific surface 
areas. For 10%Mo/Al2O3 catalyst, three major peaks are found to be aluminum oxide 
phase (γ-Al2O3, JCPDS card no. 79-1558, space group: Fdm, ao = 7.911 Å). Only 
two small peaks, (110) and (021) belong to the α-MoO3 phase (Figure 6.20b). It 
shows that molybdenum was also dispersed well on the Al2O3 support, though the 
activity is the lowest comparing to silica supported catalysts, which confirms that 
silica is an more active support than aluminum oxide for molybdenum oxide to be 
used for the ODS reaction. The morphology of 10%Mo/mSiO2 nanowire catalyst was 
examined by TEM/ HRTEM/FESEM (Figure 6.19). It is noted that the mesoporous 
silica nanowire networks became more compact and integrated into much larger 
assemblages after calcination, while the molybdenum oxide (α-MoO3) nanocrystals 
were distributed uniformly within the mesoporous silica. Consistent with the XRD 
results (Figure 6.20), the lattice spacing of 0.21 nm can be assigned to (060) plane of 
α-MoO3 phase. As 2–5% Mo/mSiO2 catalysts are essentially amorphous, XPS analysis 
was carried out to study the oxidation state of supported molybdenum. Reported in 
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 confirming the presence of well-dispersed Mo
6+
 





Figure 6.20 (a) XRD patterns of interlinked mesoporous silica nanowires supported catalyst with: 
(i) 2%, (ii) 5%, (iii) 10%, and (iv) 15% Mo loading; and (b) XRD patterns of (i) 10%Mo/Al2O3, 








Figure 6.21 XPS spectra of 5%Mo/mSiO2 nanowire catalyst: (a) Si 2p, (b) Mo 3d, and (c) O 1s. 
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It is noted that the sulfur level of our model diesel was reduced drastically after the 
ODS reaction (Table 6.1). To understand this process, the model diesel was analyzed 
by GC-MS (Figures 6.22) before and after reaction. The GC peak of 
dibenzothiophene disappeared completely after the reaction, indicating that 
dibenzothiophene (DBT, C12H8S) had been oxidized to dibenzothiophene sulfone 
(DBTO, C12H8O2S). Nevertheless, this product compound was not observable in the 
mass spectra (Figure 6.22b). When the used catalyst was washed by ethanol (or 
toluene), interestingly, dibenzothiophene sulfone could be found in the washing 
solvent (Figure 6.22c). It thus reveals that the product dibenzothiophene sulfone was 
actually adsorbed on the catalyst after reaction, which explains why a very low 
concentration of sulfur was measured in the oxidized model diesel (Table 6.1). To 
further verify this observation, the fresh, used, and regenerated catalysts were 
characterized by Fourier-transformed infrared spectra analysis. For fresh 
10%Mo/mSiO2 nanowire catalyst, the two peaks at 3457 and 1636 cm
1
 correspond to 
adsorbed water or surface –OH group, while the bands at 1240–1040, 804 and 470 
cm
1
 are attributed to asymmetric stretching, symmetric stretching, and bending 
modes of Si–O–Si bond of mesoporous silica nanowires, respectively (Figure 
6.23a).
45
 The peak at 953 cm
1
 can be assigned to Mo=O of the supported 
molybdenum oxide. After the ODS reaction, more peaks other than those appeared in 
the fresh catalyst are observed in the FTIR spectra of used catalyst. The two peaks at 
570 and 540 cm
1
 correspond to wagging scissoring mode of –SO2–, while those at 
1291 and 1163 cm
1
 are due to stretching mode of –SO2– (of dibenzothiophene 
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 In addition, the peaks at 712, 754 and 740 cm
1
 can be assigned to C–S 












Figure 6.22 GC GC-MS spectra of (a) model diesel before reaction, (b) model diesel after 
reaction, and (c) extracted solution from used catalyst. 
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Figure 6.23 (a) FTIR spectra of (i) fresh 10%Mo/mSiO2 nanowire, (ii) used 10%Mo/mSiO2 
nanowire, (iii) regenerated 10%Mo/mSiO2 nanowire by calcination, and (iv) regenerated 












Figure 6.24 XPS spectra of fresh 10%Mo/mSiO2 nanowire catalyst: (a) Si 2p, (b) Mo 3d, and (c) 
O 1s.  
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Figure 6.25 XPS spectra of used 10%Mo/mSiO2 nanowire catalyst: (a) Si 2p, (b) Mo 3d, (c) O 1s 












Figure 6.26 XPS spectra of used 10%Mo/mSiO2 nanowire catalyst regenerated by calcination: (a) 
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Figure 6.27 XPS spectra of used 10%Mo/mSiO2 nanowire catalyst regenerated by washing with 
toluene: (a) Si 2p, (b) Mo 3d, (c) O 1s and (d) S 2p.  
peaks at 754 and 740 cm
1
 could also be due to wagging mode of four adjacent H 
within aromatic ring as well.
46
 The peaks at 612 and 1451 cm
1
 are attributed to 
rocking and bending mode of C–H, respectively, while the three peaks at 2853, 2924, 
and 2956 cm
1
 are due to C–H stretching modes.46 On the basis of this FTIR analysis, 
it is confirmed that the product dibenzothiophene sulfone from our ODS process is 
adsorbed on the catalyst surface, reducing to sulfur content from initial 400 ppm (as 
C12H8S) to less than 20 ppm (as C12H8S and/or C12H8O2S) in the bulk solution phase 
of our model diesel. In addition to work as an ODS catalyst, rather intriguingly, the 
networked Mo/mSiO2 nanowires can also function as an efficient adsorbent to remove 
their own reaction product (C12H8O2S) from the diesel under one-pot condition. 
Therefore, this consecutive conversion-cum-adsorption approach greatly simplifies 
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conventional ODS processes where the sulfone products normally coexist with treated 
diesels/oils in the same liquid phase and the removal of the sulfone products is a 
major hurdle for the process development. In our present case, the used catalyst can 
be regenerated by thermal treatment at 300 to 500
o
C to remove adsorbed 
dibenzothiophene-sulfone, as the FTIR spectrum of the regenerated catalyst is the 
same as that of the fresh one (no observable C–H or –SO2– vibrations). To understand 
redox reactions involved in this regeneration process, furthermore, comparative XPS 
analysis was carried out for the catalysts. As shown in Figures 6.24 and 6.25, the 
oxidation state of Mo was +6 before the ODS reaction, and was partially reduced to 
+5 after the reaction. After the regeneration, the +5 molybdenum oxide could be re-
oxidized back to +6 state (Figure 6.26). The used catalysts can also be regenerated 
through simple washing (Figure 6.1b). Interestingly, the toluene-washed catalyst 
(dried at 80
o
C) showed +6 state for molybdenum as well, as the surface molybdenum 
could be easily oxidized in air with mild heating (Figure 6.27).
47
 The S 2p3/2 and S 
2p1/2 peaks located at 167.9 and 169.0 eV can be assigned to the S
+6
 of sulfone moiety 
in C12H8O2S molecules.
48
 The sulfur doublet disappeared after regeneration by 
calcination or washing with toluene. The amount of adsorbed dibenzothiophene 
sulfone was further quantified by thermogravimetric analysis (Figure 6.23b). The 
weight loss at the first stage (20–172oC) was due to evaporation of adsorbed water, 
while that at the second stage (172–325oC) was attributed to the burn-off of the 
adsorbed ODS product. As a further confirmation for the latter assignment, the weight 
of adsorbed dibenzothiophene sulfone matches well with the amount of 
dibenzothiophene added in the reaction. 
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The integrated system of Mo/mSiO2 nanowire catalyst-adsorbent has been 
demonstrated to be very robust and stable through a series of recycling tests. The used 
Mo/mSiO2 nanowires were recycled from the reaction mixture and calcined at 500
o
C 
in air to remove adsorbed dibenzothiophene sulfone, before being used in the next 
experiment. Shown in Figure 6.28a, for example, the 10%Mo/mSiO2 nanowire 
catalyst-adsorbent could maintain its good performance. At the 7
th
 run, the conversion 
of DBT was still as high as 95.4% at 30 min of reaction, showing only a marginal 
change from the 1
st
 run value (100%). In addition, the sulfur concentration in the 
liquid phase after the 7
th
 run was determined to be only 33 ppm. In addition, the 
10%Mo/mSiO2 nanowire catalyst-adsorbent could also be regenerated by washing 
with toluene and recycled for 7 times without substantial loss of activity (Figure 
6.28b). A further note should be taken is that the dimension of this catalyst-adsorbent 
is the regime of micrometers (Figure 6.19e-f; despite the wire diameter in nanoscale), 





Figure 6.28 Recycle tests of 10%Mo/mSiO2 nanowires regenerated by heating (a) and washing (b) 
with toluene.  
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In summary, networked mesoporous silica nanowires have been synthesized by 
hydrolyzing TEOS under weak basic conditions. The thin silica nanowires (mean 
diameter ~14 nm) which form a three-dimensional network structure have shallow 
wormhole channels aligning perpendicular to the nanowire axes. The aspect ratio of 
nanowire ligaments in the networks can be adjusted from 2:1 to 5:1 by reducing the 
amount of TEOS used in the synthesis. By calcination, the networks show hierarchical 
porosity originating from intra-nanowire mesopores (3.6 nm) and inter-nanowire 
mesopores (~19.9 nm). The latter mesopores can also be tuned (e.g., from 19.9 to 32.5 
nm) by reducing the concentration of TEOS in synthesis. The sponge-like gel 
structure formed at initial stage has been identified as soft precursor/template for 
further dissolution and re-growth of the silica networks. In addition to its templating 
role to form the intra-nanowire mesopores, the CTACl surfactant is also thought to 
stabilize resultant silica nanowires and thus to direct the growth of the overall 
networks. In addition, slow hydrolysis of TEOS is preferred for forming nanowires; 
the hydrolysis rate can be controlled by reaction temperature and/or concentration of 
alkaline. Taking advantage of their bimodal pore structure and large specific surface 
areas (e.g., 951 m
2
/g), the silica nanowire networks were used to support molybdenum 
oxide catalyst for ODS reaction. The silica nanowire-based molybdenum oxide (-
MoO3) catalyst is more active than commercial fumed silica and alumina supported 
molybdenum catalysts. The high activity of our catalyst can be attributed to its tiered 
pore architecture for fast mass transport and large accessible working area. The 
optimal molybdenum loading was found to be 5 to 10%, because of formation of 
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highly dispersed molybdenum oxide nanoparticles in this range. Quite unexpectedly, 
the resulted dibenzothiophene sulfone was adsorbed on the catalyst surface. Therefore, 
the -MoO3silica nanocomposite functions not only as an active catalyst but also as 
an effective adsorbent to remove the ODS product in a consecutive manner. 
Furthermore, the used -MoO3silica catalyst-adsorbent system can be regenerated 
facilely by burning off the adsorbed sulfone or by solvent washing; the robustness of 
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Chapter 7  
Mesoporous Silica Nanowires 
Encapsulated Ru Nanoparticles for 
Selective Hydrogenation of CO2 to CO  
7.1 Introduction 
In chapter 6, we have developed hierarchical mesoporous silica encapsulated 
molybdenum oxide as an effective integrated catalyst-adsorbent system for removing 
sulfur compounds from model diesel within a single step. Herein, we extend this 
synthesis strategy to immobilize metal nanoparticles within hierarchical silica 
networks. As mentioned in previous chapters, nanocatalysts have received numerous 
research interests in materials and catalysis communities over the last decades.
1-3 
Advancement in nanoscience and nanotechnology has provided versatile tools to 
synthesis nanoparticles with precise control of size, shape, composition and structure. 
These parameters are known to have significant impact on the catalytic performance 
of heterogeneous catalysts (i.e., activity and selectivity), while they are not easily 
controlled by conventional catalyst preparation methods such as impregnation, 




precipitation, and sol-gel synthesis.
1-3
 Preparation of highly selective nanocatalysts by 
precise control of encapsulated nanoparticles is a promising direction for nanomaterial 
and catalysis research.
4
 However, there are only a few examples in the literature on 
controlling the reaction selectivity by adjusting the particle size of Pt and Ag based 
nanocatalysts. And the unique selectivity observed for small nanoparticles in these 
cases can be attributed to either unsaturated surface sites, different exposed facets or 
oxidized surfaces.
5-8
      
Carbon dioxide (CO2) is one of the major greenhouse gases, which poses challenges 
for environment and sustainable growth of human society.
9-12
 In order to achieve 
carbon balance, recycling of CO2 via capture and further transformation to more 
valuable products has received enormous research interests. For instance, carbon 
dioxide has been used as additives (~5% in the feed stream) in industry methanol 
synthesis process.
13
 For the large scale utilization of CO2, it is desired to use pure CO2 
and hydrogen (H2) mixture for methanol synthesis. It remains a challenge to design 
efficient catalysts for hydrogenation of pure CO2 to methanol.
9
 Alternatively, carbon 
dioxide can be firstly hydrogenated to carbon monoxide (CO) via reverse water gas 
shift reaction (RWGS). The resulted CO2/CO/H2 mixture can be used as the feed for 
methanol synthesis.
14
 In fact, reverse water gas shift reaction has been identified as 
one of the most promising process for utilizing CO2, and the produced CO can be 
used as the feedstock for C1 chemistry.
9,12
 There are several copper or platinum based 
catalysts developed for reverse water gas shift reaction such as CuO/ZnO/Al2O3, Cu-
Fe/SiO2, ALE-Cu/SiO2, Pt/CeO2 and Pt/TiO2catalysts.
15-19
 Among the various 
catalysts reported, Pt based catalysts are most active for production of CO from CO2, 




athough their stability needs to be improved.
20
   
Ruthenium based catalysts are known to be very effective for hydrogenation of carbon 
dioxide to methane (CH4) via methanation reaction.
21-23
 However, there are very few 
reports of ruthenium catalysts for reverse water gas shift reaction. Homogeneous 
ruthenium catalyst such as triruthenium dodecacarbonyl 
bis(triphenylphosphine)imminium chloride (Ru3(CO)12-[PPN]Cl) and potassium 
ruthenium ethylenediaminetetraacetic acid chloride (K[Ru-(H-EDTA)Cl]) have been 




 There is only one 
report of heterogeneous ruthenium catalyst (e.g., 2%Ru/SiO2) catalyzing 




It remains difficult to prepare highly selective ruthenium nanocatalysts for reverse 
water gas shift reaction. In addition, the catalyst stability has to be enhanced for CO 
production from CO2. Aiming at these two challenging objectives, ruthenium based 
nanocatalysts have been prepared by in-situ encapsulation with mesoporous silica 
nanowires. The size of silica encapsulated ruthenium nanoparticles were tuned by 
thermal treatment in nitrogen or air atmosphere. The resulted mesoporous silica 
encapsulated ruthenium nanocatalysts (Ru@mSiO2) have been demonstrated to be an 
efficient and stable catalyst for selective hydrogenation of CO2 to CO.  
 
 




7.2 Experimental Section 
7.2.1 Preparation of ruthenium nanoparticles 
 Ruthenium nanoparticles were prepared by polyol method following literature 
procedures with some modifications.
27-29
 In a typical synthesis, 0.1 g of RuCl3.xH2O 
(Aldrich) and 0.2 g of NaOH (Merck) were dissolved in 50 mL of ethylene glycol 
(EG, Merck) by heating at 80 
o
C for 30 min. The resulted light brown solution was 
further heated at 160 
o
C under reflux for 3 h. After reaction, the mixture was cooled to 
room temperature and stored for further usage.  
7.2.2 Preparation of Ru@mSiO2 nanowires 
The procedure for preparation of Ru@mSiO2 nanowires was following the literature 
method with some modifications.
30,31
 For instance, 13 mL of deionized water was 
mixed with 1 mL of ethanol, followed by adding 2 mL of 25% 
cetyltrimethylammonium chloride (CTACl) aqueous solution, 0.5 mL of 
triethanolamine (TEA), and 1-5 mL of ruthenium colloid solution accordingly. The 
resulted dark brown mixture was stirred at room temperature for 30 min. After that, 
0.5 mL of TEOS was added to above mixture drop wisely. The mixture was further 
stirred for 5 min, followed by heating at 60 
o
C in oven for 2 h. The final gray product 
was collected by centrifugation and washing with ethanol three times. The as-
synthesized materials were denoted as Ru@mSiO2-X, where X = 1, 3, and 5; the 
number corresponds to the amount (volume in mL) of ruthenium colloid solution used 
in above synthesis of Ru@mSiO2 nanowires. The organic template (e.g., CTACl) was 
burnt off by calcination at 400 
o
C for 6 h in laboratory air. The calcined samples were 




denoted as Ru@mSiO2-X-A. The as-synthesized samples were also heated at 400 
o
C 
for 6 h with 30 mL of N2 flow, and were denoted as Ru@mSiO2-X-N. 
7.2.3 Hydrogenation of CO2  
Hydrogenation of carbon dioxide was carried out in a stainless steel fixed bed reactor 
(inner diameter = 7 mm, length = 50 cm). The catalyst powders were supported by 
glass wool at the center of the reactor, while the remaining space at the two sides was 
filled with 2 mm glass beads. The temperature was measured by a type K 
thermocouple inserted into the reactor and near the catalyst bed. Gas mixture of CO2 
and H2 (CO2/H2=1/4) at a total flow rate of 25 mL was fed into the reactor. The 
reaction temperature was increased from 100 to 400 
o
C with 50 or 25 
o
C intervals. 
The reactants and products were monitored by an on-line gas chromatography (GC, 
Agilent-7890A) coupled with flame ion detector (FID) and thermal conductivity 
detector (TCD). The response factor of CO2, CO and CH4 was calibrated by using 
purified CO2, CO and CH4 gases. Conversion of CO2 was calculated as following: 
Conversion of CO2 =  
Selectivity of CO over CH4 =  
  and  
where  is the GC peak area of CO2 at 200 
o
C (no reaction in the temperature 




range of 100 to 200 
o
C for all catalysts under reaction conditions in this work),  
is the GC peak of CO2 at temperature T (T in the range of 200-400 
o
C),  and 
 are the GC peak areas of CO and CH4 at temperature T, respectively.  and 
 are the GC response factors of CO and CH4 accordingly, obtained by calibration 
GC with pure CO and CH4 gases.  
7.2.4 Materials Characterization 
Crystallographic structure of Ru@mSiO2 catalysts were characterized by powder X-
ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 Å) at a 
scanning rate of 1 
o
/min. Morphology, dimension and chemical composition of the 
samples were examined by transmission electron microscopy (TEM, JEM2010, 200 
kV), and high resolution transmission electron microscopy (HRTEM/EDX, 
JEM2100F, 200 kV). The texture properties (e.g., specific surface area, pore size, and 
pore volume etc.) were studied by nitrogen adsorption-desorption analysis 
(Quantachrome NOVA-3000) at 77 K. Prior to N2 adsorption analysis, the samples 
were degassed at 200 
o
C overnight. X-ray photoelectron spectroscopy (XPS, AXIS-
HSi, Kratos Analytical) with Al Kα exciting radiation (hν = 1486.71 eV) was used to 
probe the surface compositions and chemical states of Ru@mSiO2 nanocatalysts. All 
binding energies (BE) were referenced to the Si 2p peak (BE = 103.3 eV) from 
mesoporous silica support.  
 
 




7.3 Results and Discussion 
Integrated mesoporous silica nanowires encapsulated ruthenium nanocatalysts were 
prepared by in-situ encapsulation of pre-synthesized ruthenium nanoparticles within 
mesoporous silica nanowires. As shown in Figure 7.1, the diameter of silica 
nanowires increased from ~20 to ~40 nm with increasing the amount of ruthenium 
colloid solution used in the synthesis from 1 to 5 mL. It should be mentioned that 
ruthenium colloids in ethylene glycol were used as stock solution for immobilization 
of ruthenium nanoparticles on mesoporous silica. It is consistent with previous report 
that diameter of silica nanowires become larger with increasing the amount of ethanol 
used in the synthesis.
32
 In this work, ethylene glycol had similar function as ethanol 
and affected the morphology of emulsion template in the synthesis solution. 
Ruthenium nanoparticles with size of around 1.2 ± 0.4 nm were uniformly distributed 
within integrated silica nanowires. With increasing the amount of ruthenium colloids 
solution used in the synthesis, the resulted Ru@mSiO2 nanowires had much denser 
population of ruthenium nanoparticles with similar size distribution.            
The as-prepared Ru@mSiO2 nanowires were further thermally treated either in static 
air or under flow of nitrogen to remove surfactant template. After calcination in 
nitrogen at 400 
o
C, the resulted silica nanowires aggregated together as expected 
(Figure 7.2). The particle size of encapsulated ruthenium nanoparticles remained 
almost unchanged as 1.3 ± 0.5 nm. However, ruthenium nanoparticles exhibited a 
bimodal size distribution, when the prepared Ru@mSiO2 nanowires were heated in air 
(Figure 7.3). In addition to ruthenium nanoparticles with size of 1.4 ± 0.6 nm, bigger 
nanocrystals with size of 5 to 30 nm were observed for Ru@mSiO2-A samples. More 




big RuO2 nanocrystals (will be discussed later in Figure 7.4 and 7.7) were observed 
with increasing Ru content, shown with insets in Figure 7.3b, d, and f. The 
appearance of big RuO2 nanocrystals by heating in air is attributed to oxidation and 
sintering of encapsulated Ru nanoparticles. There are basically two mechanisms (e.g., 
particles coalescence and Ostwald ripening) accounted for sintering of 
nanocatalysts.
33
 The particles coalescence mechanism refers to sintering via migration 
of nanoparticles followed by coalescence of neighboring nanoparticles. The Oswald 
ripening mechanism refers to sintering via diffusion of atomic species from small 
nanoparticles to big nanoparticles.
34
 Both mechanisms are possible for formation of 
large RuO2 nanocrystals when heating in air. It is anticipated that ruthenium 
nanoparticles within mesopores were oxidized to form ruthenium oxide (RuO2) when 
heated in air. During the oxidation process, some of the ruthenium oxide nanoparticles 
aggregated together, through diffusion of ruthenium oxide species or nanoparticles. 
When heated in nitrogen, the encapsulated ruthenium nanoparticles remained as 
metal, which have lower diffusion mobility on silica support comparing to ruthenium 
oxide species. Furthermore, some of the organic template (CTACl) may decompose as 
carbon species in nitrogen atmosphere and attached to the surface of encapsulated 





























































Figure 7.2 TEM images of (a, b) Ru@mSiO2-1-N, (c, d) Ru@mSiO2-3-N, and (e, f) Ru@mSiO2-
5-N. 
 







































Figure 7.3 TEM images of (a, b) Ru@mSiO2-1-A, (c, d) Ru@mSiO2-3-A, and (e, f) Ru@mSiO2-
5-A. 
 
















High resolution TEM images of as-synthesized and heated Ru@mSiO2-3 samples are 
presented in Figure 7.4. The crystallinity of the as-prepared Ru@mSiO2-3 is poor 
comparing to heated samples. The lattice spacing of 0.22 nm observed can be 
assigned to (100) plane of hexagonal Ru metal (JCPDS 89-4903). After thermal 
treatment in nitrogen, more Ru nanocrystals were observed, with lattice spacing of 
0.22 nm same as in as-synthesized sample. As discussed previously, big RuO2 
nanocrystals appeared after heating in air. A large RuO2 nanocrystal with size of 28 
nm was shown in Figure 7.4c. The observed lattice spacing of 0.32 nm is attributed to 

































The texture properties of Ru@mSiO2 nanowires were characterized by nitrogen 
adsorption and desorption analysis (Figure 7.5 and 7.6). As can be seen, a type IV 
isotherm associated with type H1 hysteresis loop was observed for all the Ru@mSiO2 
samples either calcined in air or nitrogen. The initial uptake of N2 at below relative 
pressure of 0.1 is attributed to monolayer adsorption of N2 within mesopores. The 
adsorption step at 0.2-0.4 is typically associated with mesoporous materials due to 
capillary condensation. The hysteresis loop at 0.8-1.0 is assigned to condensation in 
void space of integrated silica nanowires. For Ru@mSiO2-N samples, the BET 
surface areas decrease from 968 to 912 m
2







Figure 7.5 N2 adsorption-desorption isotherms and pore size distribution curves of (a) 































































































































































Figure 7.6 N2 adsorption-desorption isotherms and pore size distribution curves of (a) 
Ru@mSiO2-1-A, (b) Ru@mSiO2-3-A, and (c) Ru@mSiO2-5-A. 
solution used in the synthesis from 1 to 3 mL. Further increasing Ru content has 
negligible effect on the surface area. For samples heated in air, the BET surface areas 
are similar as those calcined in nitrogen, indicating both methods are effective to 
remove organic template. The pore size was determined to be 4.1 nm by nonlocal 
density function theory (NLDFT) method, which is large enough to accommodate 
small ruthenium nanoparticles within mesopores.
35
 
As-prepared and calcined Ru@mSiO2 nanowires were characterized by powder XRD 
to determine the crystallinity of encapsulated ruthenium nanoparticles (Figure 7.7). 
No peak was observed for as synthesized Ru@mSiO2 samples in regards of ruthenium 
loading. It suggested that ruthenium nanoparticles were too small to be detected by 
XRD, which was consistent with TEM observation. After thermal treatment at 400 
o
C 
in nitrogen, all the three samples exhibited similar XRD patterns as as-prepared 
 




















































































































































samples. It further confirms the effectiveness of this nitrogen calcination method to 
preserve the small particle size of encapsulated ruthenium nanoparticles. As a 
comparison, the encapsulated Ru nanoparticles were oxidized to RuO2 nanocrystals 
after heating at 400 
o
C in static air. Two peaks at 35.3 and 54.5 were observed for the 
three Ru@mSiO2-A samples, which can be assigned to (101), and (211) plane of 
RuO2 with rutile (tetragonal) structure (JCPDS card no. 43-1027, space group: 






Figure 7.7 XRD patterns of (a) Ru@mSiO2-1, (b) Ru@mSiO2-2, (c) Ru@mSiO2-3, (d) 
Ru@mSiO2-1-N, (e) Ru@mSiO2-3-N, (f) Ru@mSiO2-5-N, (g) Ru@mSiO2-1-A, (h) Ru@mSiO2-
3-A, and (i) Ru@mSiO2-5-A. 
XPS analysis was carried out to study the oxidation state of encapsulated Ru or RuO2 
nanoparticles for as-synthesized and thermally treated samples, as displaced in Figure 
7.8-7.10. All the binding energies were referenced to Si 2p (103.3 eV) as mentioned in 
experimental section. Ru 3p peaks were used for analysis, as Ru 3d peaks are very 
close to C 1s peaks. Taking as-prepared Ru@mSiO2-3 as an example, the Ru 3p3/2 at 




 It suggests that surface of Ru nanoparticles 
 


































were oxidized using present polyol reduction synthesis. For O 1s spectrum, the first 
peak at 530.7 eV is attributed to lattice oxygen in surface RuO2 or silica. The second 
peak at 532.6 eV is assigned to the oxygen in surface hydroxyl groups. The last peak 
at 533.9 eV is ascribed to chemisorbed oxygen species and/or oxygen of adsorbed 
water molecules. After heating as-synthesized Ru@mSiO2-3 sample in nitrogen, the 
Ru 3p3/2 peak shifted downward to 461.8 eV, which can be assigned to Ru metal.
37
 It 
implies that surface ruthenium oxide of encapsulated ruthenium nanoparticles were 
reduced by organic template at 400 
o
C. When the as-synthesized Ru@mSiO2-3 sample 
was calcined in air, the embedded ruthenium nanoparticles were oxidized to RuO2, as 






















































































Figure 7.10 XPS spectra of Ru@mSiO2-3-A catalyst: (a) Si 2p, (b) Ru 3p5/2, and (c) O 1s. 
 












































































































The thermally treated samples have been investigated as catalysts for hydrogenation 
of carbon dioxide. As shown in Figure 7.11a, there was no reaction for all the six 
catalysts in the temperature range of 100 - 225 
o
C. From 250 to 400 
o
C, the 
conversion of CO2 increased with reaction temperature. For Ru@mSiO2-N samples, 
the conversion of CO2 increased from 13.7 to 25.9% with Ru content increasing from 
0.4 to 2.7% (Figure 7.11a and Table 7.1). Similar trend was observed for Ru@mSiO2-
A samples, which was expected as more Ru active sites available for hydrogenation 
reaction with higher Ru loading. However, the turn over frequencies of catalysts 
(TOF, defined as mole of CO2 converted per mole of total ruthenium per second) 
decreased with Ru loading. It is possibly due to the percentage of exposed ruthenium 
surface is lower for samples with higher Ru loading, which has more big Ru 
nanocrystals. For Ru@mSiO2-1 samples, heating in air or nitrogen has little effect on 
the activity of catalysts. However, for samples with high ruthenium loading, heating 
in nitrogen enhances the hydrogenation activity particularly at high temperature. For 
example, the conversion of CO2 was 23.0 and 19.9% for Ru@mSiO2-3-N and 
Ru@mSiO2-3-A catalysts, respectively. For Ru@mSiO2-5-N and Ru@mSiO2-5-A 
catalysts, the conversion of CO2 at 400 
o
C was 25.9 and 21.0% accordingly. From 
previous TEM observations, more big RuO2 nanocrystals were observed when heated 
in air, which leads to less of exposed surface sites. It should be mentioned that 
encapsulated RuO2 nanocrystals were reduced to Ru nanocrystals after hydrogenation 
reaction (will be discussed later in Figure 7.14-7.16). Thus the initial oxidation state is 
not the key factor for the difference in the activity of CO2 hydrogenation.  
 
 








Figure 7.11 (a) Conversion of CO2 and (b) selectivity of CH4 over CO with Ru@mSiO2-1-N 
(circle), Ru@mSiO2-3-N (triangle), Ru@mSiO2-5-N (square), Ru@mSiO2-1-A (filled circle), 
Ru@mSiO2-3-A (filled triangle), and Ru@mSiO2-5-A (filled square).  





























Ru@mSiO2-1-N 0.4 968 13.7 93.4 0.127 
Ru@mSiO2-3-N 1.6 912 23.0 83.5 0.053 
Ru@mSiO2-5-N 2.7 915 25.9 72.4 0.035 
Ru@mSiO2-1-A 0.4 984 13.7 70.4 0.127 
Ru@mSiO2-3-A 1.7 898 19.9 4.8 0.043 
Ru@mSiO2-5-A 3.0 895 21.0 4.6 0.026 
Notes: 
a
 Reaction conditions: 100 mg of catalyst, 25 mL/min of CO2/H2 (1:4) gas mixture, 









loading was measured by ICP. 
c




 selectivity of 




 TOF was calculated as mole of CO2 converted per mole of Ru 
per second.     
 





























































It is noted that the selectivity of CO over CH4 varied with Ru content in the catalyst. 
For Ru@mSiO2-N catalysts, the CO selectivity decreased from 93.4 to 72.4% with 
increasing Ru loading from 0.4 to 2.7%. Similarly, the CO selectivity for Ru@mSiO2-
A catalysts decreased from 70.4 to 4.6% with increasing Ru loading from 0.4 to 3.0%. 
It seems that high Ru content favors production of CO instead of CH4. However, the 
CO selectivity of Ru@mSiO2-N and Ru@mSiO2-A catalysts differs largely even 
though with similar Ru loading. For instance, the selectivity of CO for Ru@mSiO2-3-
N and Ru@mSiO2-3-A catalysts was 83.5 and 4.8%, respectively, while the Ru 
loading in these two samples was similar as 1.6-1.7% based on ICP analysis. For 
Ru@mSiO2-5-N (2.7% Ru) and Ru@mSiO2-5-A (3.0% Ru) catalysts, the CO 
selectivity was 72.4 and 4.6% accordingly. For Ru@mSiO2-1-N (0.4% Ru) and 
Ru@mSiO2-1-A (0.4% Ru) catalysts, the CO selectivity was 93.4 and 70.4%, 
respectively. It seems that Ru@mSiO2 samples heated in nitrogen favors formation of 
CO from CO2. From previous TEM and HRTEM observations, it is known that the 
encapsulated Ru nanoparticles remained very small as 1.3 ± 0.5 nm after thermal 
treatment in nitrogen. While big RuO2 nanocrystals with size of 5 to 30 nm appeared 
after heating in air. It should be mentioned that all the Ru@mSiO2 catalysts were 
reduced to Ru(0) during hydrogenation reaction (will be discussed in Figure 7.14-
7.16). Thus it is concluded that small Ru nanoparticles with size of 1.3 ± 0.5 nm are 
responsible for formation of CO via reverse water gas shift reaction. For 
hydrogenation of CO2, it is generally believed that adsorbed COad is the important 
reaction intermediate for further hydrogenation to CH4.
38-40
 It is anticipated that small 
Ru nanoparticles with large percentage of uncoordinated surface sites will bind with 
surface COad species more strongly, which results in higher activation barrier for 




hydrogenation of COad to CH4. Thus the surface COad desorbed from ruthenium 
surface to produce CO molecules instead of hydrogenation to CH4. While for 
Ru@mSiO2-A samples having big Ru nanocrystals with size of 5 to 30 nm, the 
proportion of surface uncoordinated sites are less. Adsorption of surface COad is 
weaker on the flat surface of Ru nanocrsytals, which favors further hydrogenation to 
CH4.  
The used catalysts were characterized by TEM to study whether the morphology 
changed before and after reaction. As shown Figure 7.12 and 7.13, the general 
morphology of Ru@mSiO2-N and Ru@mSiO2-A catalysts remained similar as before 
hydrogenation reaction. As the CO2 hydrogenation reaction proceeds under reduction 
atmosphere, it is expected the encapsulated Ru is in reduced state. The used catalysts 
were examined with powder XRD technique as shown in Figure 7.14. Similar as fresh 
catalysts, there was no XRD peak observed for Ru@mSiO2-N-used catalysts. It 
suggests that the Ru@mSiO2-N catalysts are stable under the reaction conditions 
without sintering of encapsulated Ru nanoparticles, which is also evidenced by TEM 
observation. For Ru@mSiO2-A-used catalysts, the two peaks at 35.3 and 54.5
o
 
belonging to RuO2 disappeared after reaction. Instead a broad peak at 44.2
o
 was 
observed for Ru@mSiO2-1-A-used and Ru@mSiO2-3-A-used catalysts, which is 
attributed to (101) plane of hexagonal Ru (JCPDS card no. 06-0663, space group 
P63/mmc, a0 = b0 = 2.705 Å, and c0 = 4.281 Å). The (101) peak was more prominent 
for Ru@mSiO2-5-A-used catalyst. In addition to 44.2
o
 peak, two small peaks at 38.5 
and 42.4
o
 were observed, corresponding to (100) and (002) plane of Ru metal. From 
XRD analysis, it is known the encapsulated RuO2 in Ru@mSiO2-A 

























Figure 7.12 TEM images of (a, b) Ru@mSiO2-1-N after reaction, (c, d) Ru@mSiO2-3-N after 
reaction, and (e, f) Ru@mSiO2-5-N after reaction.  
 



























Figure 7.13 TEM images of (a, b) Ru@mSiO2-1-A after reaction, (c, d) Ru@mSiO2-3-A after 
reaction, and (e, f) Ru@mSiO2-5-A after reaction. 
 
























Figure 7.14 XRD patterns of (a) Ru@mSiO2-1-N-used, (b) Ru@mSiO2-3-N-used, (c) 









Figure 7.15 XPS spectra of Ru@mSiO2-3-N-used: (a) Si 2p, (b) Ru 3p5/2, and (c) O 1s. 
 































































































Figure 7.16 XPS spectra of Ru@mSiO2-3-A-used: (a) Si 2p, (b) Ru 3p5/2, and (c) O 1s. 
catalysts were reduced to Ru metal by hydrogen after reaction. The oxidation states of 
Ru in the used catalysts were further evidenced by XPS analysis (Figures 7.15 and 
7.16). Referenced to Si 2p at 103.3 eV, the Ru 3p3/2 value of Ru@mSiO2-3-A-used 
catalyst was measured as 461.6 eV corresponding to reduced Ru(0). For Ru@mSiO2-
3-N-used catalyst, the Ru 3p3/2 value at 462.1 eV is slightly higher than that of fresh 
catalyst (Ru 3p3/2 = 461.8 eV), which can still be assigned to Ru(0) state. 
The stability of prepared Ru@mSiO2-3-N catalyst was verified by extended reaction 
test at 400 
o
C for 50 h. Shown in Figure 7.17a, the average conversion of CO2 at 
initial 2 h reaction was 24.2%, which gradually increased to 25.7% at end of 50 h 
reaction. The CO selectivity was measured as 79.7% at initial run and dropped 






























































Figure 7.17 Reverse water gas shift reaction with Ru@mSiO2-3-N catalsyts: (a) conversion of 
CO2 and (b) selectivity of CO over CH4. Reaction conditions: 100 mg of catalyst, 25 mL/min of 









In summary, mesoporous silica encapsulated Ru nanoparticles have been successfully 
prepared by in-situ hydrolysis and condensation of TEOS in the presence of pre-
synthesized Ru nanoparticles. Through thermal treatment in nitrogen, organic 
template (CTACl) was burnt off to generate mesopores within integrated silica 
nanowires. The size of encapsulated Ru nanoparticles remained similar as those 
before thermal treatment. On the contrary, oxidation and sintering of encapsulated Ru 
nanoparticles occurred when the fresh samples heated in air. The calcined catalysts 
were investigated for hydrogenation of CO2. It was observed that high selectivity of 
CO was achieved with catalysts heated in nitrogen, while high selectivity of CH4 was 
favored with catalysts heated in air. The high selectivity of CO over CH4 is possibly 
due to the small size of Ru nanoparticles in samples heated in nitrogen. With more 
unsaturated surface Ru sites, small Ru nanoparticles bind with CO molecules more 
strongly, leading to higher activation barrier for further methanation reaction. Instead 
 

























































of hydrogenation to CH4, the surface carbonyls desorb from Ru metal surface to form 
CO products. The resulted Ru@mSiO2-N catalyst has been demonstrated to be very 
stable within extended reaction time of 50 h. 
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Chapter 8  
Conclusions and Recommendations  
8.1 Conclusions 
In this work, we have prepared mesoporous carbon and silica supported molybdenum 
and ruthenium nanocatalysts via three different assembly strategies. The synthesized 
nanocatalysts have been investigated for green chemistry applications such as 
benzylation of toluene, oxidative desulfurization and hydrogenation of carbon dioxide. 
The main conclusions drawn from this work are summarized as following: 
 
A) Hydrothermal treatment of glucose and ammonium heptamolybdate aqueous 
solution has been demonstrated to be an effective method for in-situ formation 
and encapsulation of molybdenum dioxide (MoO2) nanoparticles within carbon 
spheres. In this synthetic route, glucose functions as a reducing agent for 
reduction of ammonium heptamolybdate to molybdenum dioxide. Simultaneously, 
glucose molecules react with each other via condensation and polymerize to form 
carbonaceous spheres. The mesoporosity was generated by thermal treatment in 
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nitrogen and air consecutively. Oxidation of encapsulated MoO2 to MoO3 was 
achieved by thermal treatment without destructing carbon spheres. Mesoporous 
carbon embedded MoO3 nanocatalyst has been demonstrated to be an efficient 
solid acid for benzylation of toluene. 
 
B) Mesoporous silica based strong solid acids have been prepared by an inside-out 
preinstallation-infusion-hydration method. Molybdenum dioxide nanoparticles 
were prepared via hydrothermal synthesis using polyvinylpyrrolidone as capping 
agent. The prepared MoO2 nanoparticles were used as seeds to grow mesoporous 
silica shells to generate MoO2@SiO2 core-shell nanospheres. After thermal 
treatment, encapsulated MoO2 nanoparticles were oxidized to Mo
6+
 and infused 
into mesoporous silica shells, forming heptamolybdate species (Mo7O24
6-
). Due to 
evacuation of encapsulated MoO2 nanoparticles, the silica spheres were hollowed. 
With further hydration treatment, encapsulated heptamolybdate species were 
converted to silicomolybdic acid by reaction with silica spcies and water. The 
resulted mesoporous silica encapsulated silicomolybdic acid is a strong solid acid 
catalyst for benzylation of toluene, with its activity 2.6 times as high as 
commercial Amberlyst-15 catalysts. Furthermore, the silicomolybdic acid 
nanocatalyst can be reused after reaction with regeneration treatment. 
C) Silica nanowires with diameter of 14 nm were prepared by an emulsion templated 
method. With thermal treatment, the as-synthesized silica nanowires assembled 
together to form hierarchical porous structure originated from organic template 
and inter nanowires spacing. The resulted hierarchical mesoporous silica 
nanowires were used as high surface area support for immobilization of  
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molybdenum trioxide nanoparticles via impregnation. The prepared molybdenum 
trioxide nanocatalysts were used as efficient catalysts for oxidative 
desulfurization of model diesel. The oxidized dibenzothiophene sulfone adsorbed 
on the surface of mesoporous silica. Thus the oxidation and adsorption of sulfur 
compound was achieved within one stop reaction using the bifunctional catalyst-
adsorbent system. In addition, the adsorbed sulfone can be removed by thermal 
treatment or washing with organic solvent. 
D) Mesoporous silica supported ruthenium nanocatalysts were assembled by in-situ 
growth silica nanowires in the presence of ruthenium nanoparticles. Thermal 
treatment of as-prepared supported ruthenium nanocatalysts in nitrogen resulted 
in ruthenium nanoparticles with size of 1.3 ± 0.5 nm. For samples heated in air, 
big RuO2 nanocrystals with sie of 5 to 30 nm appeared in addition to small 
nanoparticles, due to sintering of RuO2 nanoparticles. When the ruthenium 
nanocatalysts were used for hydrogenation of carbon dioxide, selectivity of 
carbon monoxide over methane varied with particle size of encapsulated 
ruthenium nanoparticles. Nanocatalyst with smaller ruthenium nanoparticles 
favors formation of carbon monoxide, possibly due to adsorption of surface 
carbon monoxide strongly and leaing to higher activation barrier for methanation 
reaction. The mesoporous silica encapsulated ruthenium nanocatalyst was very 
stable for 50 h of reaction, which has the potential for large scale conversion of 
carbon dioxide to useful carbon monoxide feedstock.                   
                     




As summarized above, a number of mesoporous silica/carbon supported molybdenum 
and ruthenium nanocatalysts have been successfully assembled and investigated for 
green chemistry applications. The synthetic methods may be extended for preparation 
of other nanocatalysts, while the nanocatalysts prepared can be used for other 
reactions as well. Some of the recommendations are discussed as following: 
A) The hydrothermal treatment of glucose and ammonium heptamolybdate solution 
has been demonstrated to be an effective method for preparation of carbon 
supported molybdenum oxide nanocatalyst. Other metal oxides such as iron oxide 
and cobalt oxide have been immobilized on carbon support using this method, 
which are very active for production of hydrocarbons from syngas.
1
 This method 
may be further extended for encapsulation of noble metals, which can be used for 
hydrogenation reactions such as biomass conversion.
2
 Furthermore, the porous 
carbon supported metal oxide/metal materials may be further used as a hard 
template for preparation of other supported catalysts (i.e., from Mo@C to 
Mo@SiO2, Mo@TiO2 and Mo@CeO2 etc.). The porosity can be generated by 
burning off the carbon matrix in air. 
 
B) Mesoporous silica supported silicomolybdic acid has been prepared by the 
preinstallation-infusion-hydration method. By this method, mesoporous silica 
supported other heteropoly acids such as silicotungstic acid could be synthesized 
as well. The supported silicomolybdic acid has been demonstrated to be a 
recyclable strong solid acid for benzylation of toluene. This catalyst can be 
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C) Hierarchical mesoporous silica supported molybdenum oxide is an excellent 
catalyst-adsorbent system for removing dibenzothiophene from model diesel, with 
the sulfur concentration reduced from 400 to less than 20 ppm in one step. This 
nanocatalyst is worth further investigation for removing sulfur compounds from 
real diesel by batch or continuous reactions. 
 
D) Mesoporous silica supported ruthenium nanoparticles with size of 1.3 ± 0.5 nm 
have been synthesized via in-situ encapsulation and thermal treatment in nitrogen. 
This method would be posssible for preparing other noble metals or alloy 
nanocatalysts (i.e., Pt, Pd, Rh, Au, and Ag etc.) as well. In particular, Pt based 
catalysts are active for reverse water gas shift reaction. It is interesting to study the 
particle size effect on the catalytic performance of supported Pt nanocatalysts. 
Cerium oxide supported PtRu alloy catalyst has been investigated for water gas 
shift reaction. It was reported that less methane was produced over PtRu/CeO2 
catalyst comparing with Ru/CeO2. It is worth to study the catalytic activity and 
selectivity of mesoporous silica supported ruthenium alloy nanocatalysts for 
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